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Abstract
Organic-inorganic hybrid perovskites, as emerging semiconductors for photovoltaic and
light-emitting applications, have demonstrated unique polarization and spin properties, such
as giant dielectric constants, ferroic behavior, and magneto-optical effects, etc. These bring
out two important questions: (i) How do polarization and spin impact the optoelectronic
properties? (ii) Is it possible to control the key optoelectronic processes by manipulating
polarization and spin? To answer these questions, research in this dissertation was focused
on exploring the effects of polarization and spin in hybrid perovskites, including
polycrystalline thin film, single crystal, and their devices.
Photoinduced bulk polarization is revealed in perovskite solar cells (PSCs) by addressing
an anomalous Capacitance-Voltage characteristic under photoexcitation in Chapter 2. The
study suggests that photoinduced bulk polarization plays an important role in developing
efficient photovoltaic actions. Inspired by this study, highly polar organic molecules are
incorporated into PSCs in Chapter 3, which demonstrates an improvement in power
conversion efficiency by 30% due to Coulombic screening effect from the local dipole field.
In addition to bulk polarization, interfacial ionic polarization due to metal/ion interactions is
demonstrated by interface dependent Seebeck effect study on perovskite single crystals and
time-of-flight secondary ion mass spectrometry analysis on crystal/metal interface. This
study demonstrates a robust method to control the semiconducting properties to realize a pi-n junction for future optoelectronic design.
Spin effects on photovoltaic actions are investigated by optical operation of circularly
polarized photoexcitation and magneto-optical measurements on both nanostructured PSCs
and single crystal devices in Chapter 5. The spin-dependent photovoltaic actions suggest the
importance of spin mixing in the high-efficiency PSCs. Finally, spin lifetime is investigated
by combining time-resolved photoluminescence technique and circularly polarized
excitation/detection in Chapter 6. Long-lived spin-polarized states with a lifetime in
~nanoseconds are demonstrated in perovskite single crystalline microcrystals. These studies
open up a new opportunity to control the optoelectronic processes by manipulating
polarization and spin in hybrid perovskites.
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Chapter 1 Introduction
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1.1 Organic-Inorganic Hybrid Perovskites
Organic-inorganic hybrid perovskites (or hybrid perovskites) have attracted intensive
attention for renewable energy applications due to their promising physical properties and
low-cost solution processibility. Particularly, hybrid perovskites, have sprung to the forefront
of the research in photovoltaics (PVs)1-10 and light-emitting diodes (LEDs)11-18 in the past
few years. Perovskite solar cells (PSCs) have shown a revolutionized progress with the power
conversion efficiencies (PCEs) rising up from 3%19 to over 20% 6, 7, 9, 10 in less than five years,
thereby making PSCs competitive with the traditional photovoltaics, such as silicon (Si) and
copper indium gallium selenide (CIGS) solar cells (Figure 1-1a). Meanwhile, the
polycrystalline thin films of hybrid perovskites, such as MAPbI3 (Figure 1-1b) and
MAPbBr3 (Figure 1-1c) have demonstrated promising photoluminescence (PL) quantum
yield, therefore having been intensively studied in LEDs,11-18 and optically-pumped lasers.2024

Lately, hybrid perovskites have also shown promising properties for radiation detections25-

33

and large potentialities for the applications in spintronics34-37.
In addition to polycrystalline thin films, the single crystals of hybrid perovskites (Figure

1-1d and e) have been successfully prepared with a thickness ranging from millimeters38-46
to micrometers47, 48 by using solution-based growth methods. These single crystalline hybrid
perovskites exhibit a remarkably improved transport property (mobility ~170 cm2 V-1 s-1)39,
45

due to the dramatically reduced density of defects, therefore being considered as better

candidates for the development of optoelectronics as well as fundamental studies with respect
to the polycrystalline thin films.
Despite the remarkable achievements in the development of perovskite-optoelectronics,
comprehensive understanding of the fundamental properties of hybrid perovskites has
attracted tremendous and increasing attention towards further advancing the performance of
perovskite optoelectronics.
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Figure 1-1 (a) Efficiency chart since 2013 for solar cells made from hybrid perovskites, CIGS,
Si,

and

organic

semiconductors;

Data

is

adapted

from

NREL

website

(https://www.nrel.gov/pv/assets/images/efficiency-chart.png). (b) Polycrystalline thin film of
MAPbI3; (c) Polycrystalline thin film of MAPbBr3; (d) Single crystal of MAPbI3; (e) Single
crystal of MAPbBr3.

1.1.1 Crystal Structure and Composition Tunability
Hybrid perovskites with the chemical formula ABX3 are generally composed of inorganic
cages [BX6]- and organic cations as shown in Figure 1-2. Unlike the traditional all-inorganic
perovskites, the A sites of hybrid perovskites are occupied by monovalent organic cations,
such as Methylammonium (MA+, or CH3NH3+) and Formamidinium (FA+, or H2NCH=NH2+), which are bound with the inorganic cages through hydrogen bonding; while B
sites are bivalent metal cations, such as Pb2+, and Sn2+; X sites are halogen anions, such as I-,
Br-, or Cl-. To date, MAPbI3 and MAPbBr3 are the most widely studied hybrid perovskites
for applications in PVs and LEDs, respectively. Besides, the three sites could be composed
of multiple components, such as MAPbI1-xBrx, MA1-xFAxPbI3, or MAPb1-xSnxI3, which gives
a large tunability in the optical and electrical properties, and hence device performance.
From the perspective of crystallography, the unit cell of 3D hybrid perovskites can be
considered as a cubic composed of five atoms. For high-symmetry cubic structure, the ionic
radii (R) of the three sites should satisfy that the tolerance factor t=1 given by:
ൌ
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In general, t<1 can lead to lower symmetry tetragonal phase or orthorhombic phase,
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whereas t>1 can lead to the 2D structure instead of the 3D structure. The phase transition
temperature varies with different compositions. MAPbI3 has shown to be in tetragonal phase
at room temperature and undergoes tetragonal-to-cubic and tetragonal-to-orthorhombic
phase transition at 327 K and 162 K, respectively. 49, 50 While MAPbBr3 is in cubic phase at
room temperature and can experience a cubic-to-tetragonal and tetragonal-to-orthorhombic
phase transition at 233 K and 149 K, respectively.51

Figure 1-2 Crystal structure of the three-dimensional hybrid perovskites ABX3.

1.1.2 Optical and Electrical Properties of Hybrid Perovskites
1.1.2.1 Light absorption
Hybrid perovskites have very broad absorption spectrum from UV light to near IR regime.
The absorption coefficients are on the order of 105 cm-1,52-55 which allows efficient light
absorption in a 300~500 nm thick film. Meanwhile, the optical band-gap (Eg) can be readily
tuned by compositional engineering, which provides a facile route to develop multi-junction
PSCs and hybrid perovskite tandem cells with Si 9, 56 or CIGS 57.
1.1.2.2 Charge separation
Generally, charge separation has two channels: (i) exciton dissociation due to thermal
ionization and (ii) field driven dissociation. For organic solar cells, the exciton binding energy
is on the order of several hundred meV, therefore the thermal energy (25 meV) is not
sufficient to overcome the Coulomb interaction. For hybrid perovskites, exciton binding
energy has been reported to be 2~57 meV for MAPbI3 thin film58-61, 25~84 meV for
MAPbBr3 thin film,62-65 respectively. Therefore, MAPbI3 is known to be a promising
4

candidate for photovoltaic application. However, the branching ratio between free carriers
and excitons in hybrid perovskites is still under debate. On one hand, it has been
demonstrated that the photogenerated excited states in MAPbI3 are predominant by free
charge carriers rather than excitons in the working regime of solar cells.66 Meanwhile,
transient absorption studies have shown that MAPbI3 and its analogous MAPbI3-xClx can
generate free charge carriers in picoseconds time window.22, 67 These studies suggest that
charge dissociation in the hybrid perovskites is mainly dominated by a thermally activated
process68. On the other hand, PSCs made from MAPbI3 and its analogous MAPbI3-xClx are
surprisingly shown magneto-optical effects,36, 37, 69 suggesting that the photogenerated free
charge carriers can form electron-hole pairs when the electron and hole are captured by
Coulombic interaction (details would be introduced in 1.3.5.2). Meanwhile, exciton
localization due to the defects or trap states has been demonstrated in both MAPbI3 and
MAPbBr3 thin film in the working regime of solar cells based on spectral-dependent
luminescence decay dynamics, excitation density-dependent luminescence and frequencydependent terahertz photoconductivity studies.23 These localized excitons or electron-hole
pairs are highly associated with the energy loss in PSCs.
1.1.2.3 Charge recombination
In PSCs, charge recombination, particularly radiative recombination, is known to be much
slower than organic solar cells. However, such slow recombination rate of the hybrid
perovskites are not completely understood. On one hand, it has been proposed that the slow
recombination rate is probably due to the ferroelectric polarization of hybrid perovskite
(particularly MAPbI3).70, 71 Ferroelectricity of hybrid perovskite will be introduced in 1.2.3.2.
On the other hand, it has been proposed that such slow recombination rate is probably due to
the local Rashba splitting induced indirect-bandgap character72-74 in perovskites, which are
usually known as direct bandgap semiconductors.
In addition to the radiative recombination loss, non-radiative recombination has been
demonstrated as the major energy loss mechanism in perovskite optoelectronics due to the
unavoidable formation of defects or trap states, which can function as recombination
centers.75, 76 In the development of perovskite optoelectronics, tremendous efforts have been
made to suppress non-radiative recombination, such as reducing the density of trap states in
5

perovskite layer through non-substitutional doping77-80 and composition engineering6, 81; and
suppressing interface trap states by selecting appropriate transport layers.7
1.1.2.3 Charge transport
Charge transport is mainly determined by three parameters: carrier mobility, lifetime and
diffusion length. In the early studies, it has been demonstrated that MAPbI3 possesses a
superior ambipolar transport property, thereby resulting in promising photovoltaic
performance. However, there is a puzzling question on why the transport property is so
promising in hybrid perovskites even with a large density of defects or trap states. There
should have a mechanism to protect the charge carriers before they are collected by the
electrodes. Recently, H.M. Zhu et al. proposed that the photogenerated charge carriers in the
hybrid perovskites are protected from the scattering with charged defects due to the screening
effect of the dipolar organic cations, which behave as a liquid.82 Y. Chen et al. proposed that
the superior charge transport properties can be attributed to the polaronic nature of charge
carriers, resulting from an interaction between charge carriers and the organic cations.83
Meanwhile, the study of the temperature dependent transport properties suggests that the
charge transport in hybrid perovskites is predominant by phonon scattering rather than defect
scattering.84-86 These studies explain why the hybrid perovskites possess superior transport
property with the presence of defects.
1.1.3 Ions and Ionic Defects in Hybrid Perovskites
Hybrid perovskites are ionic solids with both ions (such as organic cations, metal cations,
and halide anions) and ionic defects. Understanding the ions and ionic defects in hybrid
perovskites is critical for understanding the properties of hybrid perovskites, device
performance, and the origins of a lot of physical phenomena.
1.1.3.1 Unintentional doping via intrinsic point defects
Hybrid perovskites can be unintentionally self-doped due to the low formation energy of
point defects, such as vacancies and interstitials.87-90 The theoretical calculation based on
density functional theory (DFT) has demonstrated a unique ambipolar self-doping property
for MAPbI3,88, 89 and unipolar self-doping property for MAPbBr3.90 As shown in Figure 1-3a,
for MAPbI3, the positively charged defects (VI, MAi and Pbi) can create shallow energy levels
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near the conduction band minimum (CBM), acting as donor dopants; On the contrary, the
negatively charged defects (Ii, VMA and VPb) can form energy levels near the valence band
maximum (VBM), functioning as acceptor dopants. Particularly, the n-type character for
MAPbI3 is shown to be due to the low formation energy of MAi. Experimental studies have
reported both n-type and p-type MAPbI3 with different processing methods.39,

43, 91-93

However, experimental studies for MAPbBr3 only show p-type characters, which are
consistent with the theoretical calculation (Figure 1-3b). Particularly, the p-type character is
due to the low formation energy of VPb, while the formation energy of MAi is too high to
make MAPbBr3 n-type doped.90 The theoretical calculation has also demonstrated that there
are four types of defects can create deep levels but have high formation energies, such as Pbi,
PbBr/PbI, IMA/BrMA, and BrPb/IPb.

Figure 1-3 Schematic diagram of transition energy levels of intrinsic acceptors and donors
for MAPbI3 (a) and MAPbBr3 (b). Data is adapted from ref. 88,90

1.1.3.2 Ion migration and Current-Voltage hysteresis
Hybrid perovskites have been known as ion conductors since the 1980s.94 Ion migration is
one of the most important issues in perovskite optoelectronics. Many efforts have
demonstrated that ion migration can be initiated by photoillumination95, electrical poling,9698

and heating99. The DFT calculation has revealed that the most mobile ions or ionic defects

in the hybrid perovskites are the interstitials and vacancies for halides and organic cations
due to low migration-activation energies.97, 100, 101 Owing to the ionic conducting character,
early studies have revealed switchable photovoltaic effect in hybrid perovskites with an
Au/perovskite/Au (or PEDOT:PSS) configuration by external electrical poling.102,103 The
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mechanism of this switchable photovoltaic effect relies on the field switchable ion
redistribution with the consequence of switchable p-i-n junction. However, electric field
poling can also cause the side effect of decomposition.
Most importantly, ion migration is known to be detrimental to the performance of
perovskite optoelectronics and long-term stability. Particularly, ion migration has shown to
be one of the major origins of current-voltage (IV) hysteresis effect in PSCs. 93, 96, 97, 104, 105
With the presence of severe ion migration, the IV curves exhibit a large “hysteresis” by
changing the sweeping direction and sweeping rate of bias (Figure 1-4a). Under device
working conditions, there are dual electronic and ionic conduction channels. As
schematically shown in Figure 1-4b, the migration of charged ions towards respectively
electrode interfaces can form additional electric field that either in the same direction or
opposite direction with the internal built-in field (Ebi), consequently modifying the effective
built-in field and hence Voc. In the past three years, tremendous efforts have been made to
suppress even completely remove IV hysteresis effect of PSCs by blocking ion migration

a

0
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through grain boundary passivation and contact passivation.7, 80, 104, 106
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Figure 1-4 Current-voltage (IV) hysteresis effect in perovskite solar cells. (a) IV
characteristics measured under reverse/forward scan with different sweeping rates. Data is
reproduced based on ref. 96. (b) Schematic diagram of ion migration induced by photovoltage
and its effect on photovoltaic actions.
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1.1.3.3 Non-radiative recombination due to deep defect states
Defect states that create deep levels are the major Shockley-Read-Hall type non-radiative
recombination centers, therefore being detrimental to the performance of optoelectronic
devices. In PSCs, non-radiative recombination has shown to be the major loss mechanism
for photovoltage or open-circuit voltage (Voc).6,

76, 77, 107

To evaluate non-radiative

recombination, one of the easiest methods is to evaluate the Voc loss, which is given by Eg/eVoc. The Voc loss is shown to be 0.38 V for the best single crystal Si solar cells and 0.30 V
for the best single crystal GaAs thin film solar cells.108 For MAPbI3 solar cells with Eg of
1.55 eV, Voc shows a large variation from 0.86 V to 1.19 V,109 with the Voc loss ranging from
0.69 V to 0.36 V. The minimization of Voc loss is largely associated with the reduction of
non-radiative recombination centers.
1.2 Polarization and Polarization Effects
Matter polarization has been extensively studied in dielectric materials, which are known to
be electrically insulating. Polarization can be understood by considering a parallel plate
capacitor with free space as the dielectric medium (Figure 1-5a), where the charge storage
capability per unit voltage, namely capacitance ( )ܥis given by
ܥൌ
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where ߝ is vacuum permittivity, A is the plate area, and d is the separation distance between
the two plates. The capacitance can be increased by a factor of ߝ (dielectric constant or a
medium or relative permittivity) if there is a material medium between the two plates. The
increase in the capacitance is due to the polarization of the medium in which positive and
negative charges are displaced with respect to the equilibrium positions. Apparently, a large
dielectric constant leads to greater charge stored and thus greater capacitance. Quantitatively,
polarization (P) is given by the total electric dipole moment per unit volume. In dielectric
theory, electric dipole moment (ߤ), as a vector quantity, is a measure of the electrostatic
effects of a pair of opposite charges (+q and -q) separated by a distance of d as schematically
shown in Figure 1-5b. Although the net charge is zero, this pair, namely dipole, can give rise
to an electric field in space, namely dipole fields, which can interact with the electric fields
from other sources and thus provides important mechanism for many phenomena in physics.
9

Figure 1-5 (a) parallel plate capacitor and polarization, and (b) electric dipole moment.

1.2.1 General Polarization Mechanisms
Polarization is widely existing in the world, such as in gases, liquids, and solids. Essentially,
polarization can result from different mechanisms, such as electronic polarization, ionic
polarization, dipolar polarization and surface polarization.
1.2.1.1 Polarization mechanisms
Electronic polarization is caused by the displacement of electron cloud of an atom or valence
electrons in covalent solids with respect to the positive ionic cores when an electrical field is
applied to the material medium. This type of polarization is responsible for the dielectric
constants of covalent solids, such as Silicon (Si, ߝ ൌ ͳͳǤͻ) and Germanium (Ge, ߝ ൌ
ͳ).110
Ionic polarization is typically dominant in ionic solids, such as NaCl and KCl, due to the
displacement of oppositely charged ions in the presence of electric field. In this type of solids,
electronic polarization also exists due to the displacement of core electrons of each ion with
respect to their positive nuclei, but much weaker than the ionic polarization. Therefore, ionic
solids have larger dielectric constants than covalent solids.
Dipolar orientational polarization is usually formed in certain types of molecules with
permanent dipole moments, such as polar liquids (e.g. water), polar gases (HCl gas) and polar
solids. It should be noted that these dipoles are randomly oriented in the absence of electric
field. In the presence of an electric field, the dipoles try to rotate to align with the electric
field, which is known as dipolar orientational polarization.
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Surface polarization is essentially caused by charge accumulation at the interface
between two mediums, such as electrode/semiconductor interface in optoelectronic devices.
These charges are not only referred to electrons or holes, but could also be ions or ionic
defects.
1.2.1.2 Frequency dependence of dielectric responses
It is known that all polarization mechanisms can contribute to the dielectric constant (ߝ ),
which is generally written as:
ߝ ൌ ߝᇱ െ ߝᇱᇱ 



























ሺͳǦ͵ሻ

where ߝᇱ and ߝᇱᇱ represent the real part and imaginary part of dielectric constant. The real
part is usually used as the relative permittivity for calculating capacitance, while the
imaginary part represents the energy loss. For all polarization mechanisms, the dipoles can
response to an electric field with a relaxation rate of 1/߬. When the frequency (߱) is extremely
high with ߱߬ ͳ ب, the dipoles are not able to rotate or align with the field, leading to low
ߝᇱ . As decreasing frequency to a certain regime with ߱߬ ͳ ا, a certain type of dipoles are
able to response to the field, leading to the increase of ߝᇱ . Therefore, dielectric constant is a
complex function of frequency.
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Figure 1-6 General frequency dependent dielectric constants for real part (black) and
imaginary (red) part with the indication of dominant polarization mechanisms in different
frequency regimes.
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As shown in Figure 1-6, electronic polarization is dominant at extremely high-frequency
regime (~1014 Hz), and dipolar polarization is dominant at intermediate frequency regime
(~105 Hz), while ionic polarization dominates in between; When frequency further decreases,
surface polarization becomes dominant in the low-frequency regime. Correspondingly, the
imaginary part ߝᇱᇱ associated with energy loss shows a peak when ߱߬ ൌ ͳ (Figure 1-6).
1.2.2 Polarization Effects
1.2.2.1 Bulk photovoltaic effect of ferroelectric absorbers
Ferroelectric effect is a well know effect resulting from either dipolar polarization or ionic
polarization. Ferroelectric absorbers, with spontaneous bulk polarization, are attractive
candidates to break the Shockley-Queisser limit by extracting the hot carriers. Specifically,
the ferroelectric absorbers are expected to generate bulk photovoltaic effect (BPVE)111-115
with photovoltage greatly exceeding their optical bandgap (Eg), however, the direct
conversion of sun light to electricity is extremely low. It is known that thermalization of the
hot carriers, which are essentially photogenerated charge carriers with energies in excess of
Eg, largely limits the photovoltaic performance. Therefore, the photovoltage is much smaller
than Eg in conventional photovoltaic systems. Spanier et al.115 have recently reported an
extraordinarily promising BPVE devices using a ferroelectric insulator BaTiO3 in a nanoscale
geometry, which can result in photovoltaic efficiencies exceeding the SQ limit under 1 sun
illumination. They demonstrated that the hot carriers travel ballistically under a locally
intensive electric field due to the spontaneous polarization, and are efficiently collected in a
nanoscale geometry. Clearly, bulk polarization at nanoscale provides an exciting route for
breaking SQ limit in the future design of photovoltaics.
1.2.2.2 Interfacial polarization effects in photovoltaics
In device engineering, dielectric materials have been widely used in photovoltaic devices as
interfacial transport layers. Generally, these dielectric materials have large bandgap, and
hence behave as insulators. However, a thin layer of dielectric materials can form interfacial
dipoles at electrode interface,116-120 which plays an important role in improving photovoltaic
performance. In our previous publication,121 we have revealed that the interfacial dipoles
from a thin layer of polyelectrolyte interlayer, PFN, can effectively decrease the binding
12

energy of charge transfer (CT) states at donor: acceptor interface based on the magnetooptical study; On the other hand, such dipole layer can suppress interfacial charge
accumulation, and hence improving charge collection. These synergistic effects can be
attributed to the interfacial polarization effect, which essentially improving the overall builtin field (Ebi) by introducing additional interfacial dipole fields (Ed) and suppressing space
charge field (Ea) due to interfacial accumulation as schematically shown in Figure 1-7. It is
ᇱ
shown that the effective built-in field (ܧ
) is determined by:
ᇱ
ܧ
ൌ ܧ  ܧௗ െ ܧ 
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Figure 1-7 Schematic diagram of interfacial polarization effects on photovoltaic actions in
organic solar cells. The diagram is adapted from publication (Wu, T. et al. J. Phys. Chem. C
119, 2727-2732, 2015).

1.2.3 Polarization Mechanisms and Effects in Hybrid Perovskites
Polarizations are believed to play an important role in PSCs. In particular, the hybrid
perovskites have shown unique dipolar polarization mechanisms with respect to all other
traditional inorganic PV systems. The unique dipolar polarization mechanism makes hybrid
perovskites as potential ferroelectric semiconductors.
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1.2.3.1 Dipolar polarization of hybrid perovskites
Organic cations in hybrid perovskites play a critical role in determining their dielectric
properties. For MA-based perovskites, the MA+ cations have dipolar properties with
permanent dipole moment (ߤ ൎ2.3 D).122 The dipolar disordering, or the rotational freedom
of these organic cations forms the important dipolar polarization mechanism, which has
shown a significant contribution to the large dielectric constants of hybrid perovskites.51 For
MAPbI3 in the high temperature cubic phase, the MA+ dipole molecules are randomly
orientated; In the room temperature tetragonal phase, the rotational freedom of these MA+
dipole molecules are reduced but they are still randomly orientated.123 However, H. M. Zhu
et al. proposed that the dynamic disordering of these dipolar organic cations offers an
important mechanism in charge transport by preventing the scattering from charged defects
due to the screening effect from the liquid like behavior of organic cations.82 Particularly,
they observed hot fluorescence emission from energetic carriers with ~100 picosecond
lifetimes in hybrid perovskites with MA+ and FA+ cations but not in the all-inorganic
counterpart, in which organic cations are replaced by Cs+. Therefore, the dynamic behavior
of dipolar organic cations should play an important role in determining the photovoltaic
performance of PSCs, which demands more effort to study.
1.2.3.2 Ferroelectric polarization of hybrid perovskites
Ferroelectricity is a well-known dielectric phenomenon in certain materials (such as many
perovskite oxides) possessing spontaneous polarization that can be reversed by the external
electric field. Using DFT, J. M. Frost et al. predicted ferroelectricity in MAPbI3.71 It has been
proposed that the spontaneous polarization in MAPbI3 originates from two components: (i)
the lining up of the dipole moments of organic cations (MA+), and (ii) lattice distortion
induced breaking of crystal centrosymmetry. The spontaneous polarization is calculated to
be 8~38 ɊȀܿ݉ଶ from different groups.71, 124 The presence of ferroelectric domains can
result in internal junctions that may facilitate the separation of photoexcited electron-hole
pairs (or excitons), and reduce recombination loss through separating the pathways for
electrons and holes.
However, the ferroelectricity of MAPbI3 is still under debate based on the controversial
experiment observations and claims on its ferroic properties, including ferroelectricity,125, 126
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non-ferroelectricity,124 and ferroelasticity.127, 128 Generally, the ferroelectric materials can
show switchable polarization (P) under applied electric field (E), leading to the well-known
P-E hysteresis loop as shown in Figure 1-8a. However, the detection of such ferroelectric
switching in MAPbI3 thin film at room temperature is pretty challenging due to their high
electrical conductivity and a certain ionic conductivity (Figure 1-8b). Many groups have
attempted to probe local ferroelectric response at the domain scale in MAPbI3 thin film by
using piezoforce microscopy (PFM).124-126, 128 H. Rohm et al. observed alternating domains
with a width of 90 nm and proposed that these domains are ferroelectric domains.125 Although
Hermes et al. observed similar striped domains, they claimed that these domains are
ferroelastic twin domains.128 Therefore, clarifying whether MAPbI3 is ferroelectric or not
requires more reliable techniques to provide more convincing evidence.
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Figure 1-8 Typical P-E hysteresis loops of (a) ferroelectric insulator PVDF in a geometry of
Au/PVDF/Au and (b) MAPbI3 in a geometry of Au/MAPbI3/Au.

1.3 Spin States and Spin Effects
The interest in spin, in the whole research history, has been motivated by the prospect of
using spin, in addition to charge, as an information carrying physical quantity in electronic
devices, thus manipulating the device functionality. This section presents an overview of
spin-related properties, processes, and phenomena in semiconductors with a focus on
magnetic field effects, optical spin orientation and recent research progress in organicinorganic hybrid perovskites.
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1.3.1 Spin States and Spin Configurations
Spin exists in both excited states and ground states. Excited states can be formed by either
photoexcitation or electrical excitation. The absorption of a photon initially generates an
exciton, which is essentially bound electron-hole pairs due to Coulombic interaction. In
general, excitons in semiconductors can be classified into two different types, including
Frenkel excitons and Wannier-Mott excitons depending on the dielectric constant which
essentially determines the Coulombic interaction within the electron-hole pairs. The Large
dielectric constant is beneficial for reducing the Coulombic interaction due to electric field
screening effect, leading to weak binding energy (Eb). Frenkel excitons are usually formed in
the organic semiconductors with much larger Eb on the order of 100~1000 meV. On the
contrary, Wannier-Mott excitons are typically formed in inorganic semiconductors with large
dielectric constant and weak Eb on the order of ~10 meV. In both cases, there are only two
types of spin configurations, namely antiparallel spin configurations (e՛h՝ or e՝h՛) and
parallel spin configurations (e՛h՛ or e՝h՝). By adding the spin characters, the excited states
can be classified into two types, namely spin-singlet states (S) with zero total spin quantum
number, and spin-triplet states (T) with unity total spin quantum number.
It should be noted that the ground states have zero total spin quantum number. Due to
the spin selection rule, only the transitions between ground states and singlet states are spinallowed. Therefore, photoexcitation only generates singlet states if there is no other
specification. However, these singlet states can be converted to triplet states by spin flipping
through the intersystem crossing (ISC), leading to spin mixing (details will be discussed in
Section 1.3.2). Unlike photoexcitation, electrical excitation initially injects free charge
carriers, which then form electron-hole pairs or excitons in singlet states and triplet states
with the population distribution of 1:3 by following the statistics shown in Equation 1-3.
Such statistics sets the theoretical limit of 25% for the external quantum efficiency of
radiation in LEDs.
ଵ
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Theoretically, spin-singlets and spin-triplets have different dissociation rates or
recombination rates, which have raised tremendous interests on exploring how spin states
impact the optoelectronic performance of organic photovoltaics and light-emitting diodes.12916

134

For organic photovoltaics, it has been shown that the formation of spin-triplets in charge

transfer states (CT3) can be the major energy loss mechanism.133 Particularly, the relaxation
of spin-triplets to ground states can be suppressed by wavefunction delocalization, allowing
the sin-triplets back to free charge carriers, consequently reducing recombination and
improving photovoltaic performance.
1.3.2 Spin Mixing and Spin Conserving
As mentioned in 1.3.1, spin mixing is the consequence of the conversion between single
states and triplet states by spin flipping through intersystem crossing. It should be noted that
spin mixing can happen in two opposite directions, namely SÆT spin mixing and TÆS spin
mixing. Theoretically, spin mixing is not spin-allowed unless there are other mechanisms,
such as spin-orbit coupling (SOC) and hyperfine interaction (HFI), which can break the spin
selection rule. Therefore, SOC and HFI serve as the mechanisms to facilitate intersystem
crossing.135-137 On the contrary, there is a competing mechanism namely exchange interaction
that suppressing intersystem crossing with the consequence of spin conserving. Essentially,
spin mixing and spin conserving, as two competing processes in excited states, determine the
equilibrium spin population of spin-singlets and spin-triplets. As introduced in Section 1.3.1,
spin-singlets and spin-triplets should have different dissociation/recombination rates.
Therefore, controlling spin mixing and spin conserving processes becomes a new route to
control the optoelectronic performance.
1.3.2.1 Spin-orbit coupling
In quantum physics, SOC is an interaction between a particle`s spin and its orbital motion.
When an electron moving in the atomic potential, it can feel an effective magnetic field acting
on its spin. In a classic model, the SOC strength (ߟ ) can be given by:138
ሬԦ ή ܵԦ ൌ ʹߚଶ
ܪ௦ ൌ ߟ ή ܮ
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ሬԦ represents orbital angular momentum vector; ܵԦ represents spin angular
where ܮ
momentum vector; Z is the atomic number, ߚଶ represents fine-structure constant. This
equation indicates that the SOC is strong in systems with heavy atoms due to large Z numbers.
Meanwhile, the strength of SOC in solids depends on the nature of the orbital wavefunction
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of electrons and materials structure or inversion asymmetry. It should be mentioned that SOC
plays an important role in determining spin dynamics, particularly spin-relaxation, or spin
mixing. For organic semiconductors, such as small molecules or Ɏ-conjugated polymers,
SOC is very weak due to the compositional light elements (C, N, H, O, etc.), and thereby
exhibiting long spin lifetime up to seconds.139, 140 For most inorganic semiconductors, such
as GaAs, the spin lifetime exhibits a large variation from ps to ns.141-145 The spin lifetime is
strongly depending on many factors, such as impurities (type and density), sample dimension
(nanostructure, and quantum dots/wells), inversion symmetry (e.g. interface asymmetry),
temperatures, external magnetic field, and so on.
1.3.2.3 Hyperfine interaction
HFI is essentially the magnetic interaction between the electron and nuclear spins. For
organic semiconductors, HFI is expected to be the dominant mechanism for spin mixing due
to the weak SOC. Therefore, HFI has been shown to play an important role in the low-field
(<10 mT) magnetic field effects of organic semiconductors and their electronic devices.146
Theoretically, the strength of HFI determines the curve width of magnetic field effects, which
has been experimentally proved by Nguyen et al. by studying the deuterated polymer.146
1.3.1.2 Exchange interaction
Exchange interaction arises from the electrostatic Coulomb interaction between free
electrons or between an electron and a hole with the overlap in the wavefunction. The
exchange energy of an electron-hole pair can be simply described by:
ሺሻൌ ͲሺǦߙݎሻ 























ሺͳǦሻ

where J0 is radius constant, ߙ is the strength of exchange interaction, and r is the separation
distance between electron and hole. Clearly, exchange interaction is highly associated with
the separation distance between electron and hole. Specifically, spin exchange interaction in
excitons is stronger than that of electron-hole pairs or polaron pairs due to the shorter
separation distance. Meanwhile, quantum confinement systems have strong exchange
interaction due to enhanced overlap of wavefunction.147 It should be mentioned that exchange
interaction plays an important role in magnetic field effects in organic semiconductors. It has
been estimated that exchange energy for electron-hole pairs or polaron pairs is on the order
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of 10 meV~100 meV,148 allowing a low magnetic field (>10 mT) to disturb the intersystem
crossing with the consequence of manipulating spin population.
1.3.3 Magnetic Field Effects
Magnetic field effects (MFEs) are known as one of the most important phenomena in spin
electronics or spintronics. The research in spintronics started with the knowledge of
electron`s spin introduced by Wolfgang Pauli in 1924. However, using the electron`s spin
degree of freedom in electronics was not realized until 1975 with the discovery of the
tunneling magnetoresistance in ferromagnetic/insulator/superconductor magnetic tunnel
junction by Julliere.149 In the 1980s, Fert150 and Grunberg151 independently discovered giant
magnetoresistance, which was awarded Nobel Prize in 2007. However, the extremely short
spin relaxation times (~picosecond) of all-metallic or inorganic systems restrict their
applications in spintronics. Alternatively, organic semiconductors have appeared as
promising candidates for the applications in spintronics benefitting from their long spin
relaxation times ( Ɋ̱ ) due to weak SOC as introduced above.136 For organic
semiconductors, a low magnetic field (< 500 mT) is observed to manipulate a number of
physical

properties, such as

resistance,

electroluminescence,

photoluminescence,

photocurrent and dielectric properties.
Several mechanisms have been proposed to explain MFEs, including (i) polaron pair
(electron-hole pair) model, (ii) bipolaron model, (iii) Triplet-charge reaction, (iv) triplettriplet annihilation, and (v) ο -mechanism. Here, the polaron pair model and ο mechanism are discussed in detail due to the relevance to the research in this dissertation.
1.3.3.1 Polaron pair (electron-hole pair) model
Polaron pairs are essentially electron-hole pairs which formed due to Coulombic interaction
when electron and hole meet with each other within Capture radius. This allows the polaron
pairs to form in both singlet and triplet configuration. As introduced in Section 1.3.2, spin
mixing occurs between singlet and triplet polaron pairs through intersystem crossing mainly
due to HFI in organic semiconductors. Applying an external magnetic field can perturb
intersystem crossing, shifting the population of singlet and triplet polaron pairs. As
mentioned

above,

the

spin-singlets

and
19

spin-triplets

should

have

different

dissociation/recombination rates. Therefore, shifting spin population of polaron pairs upon
applying an external magnetic field in principle can result in the change of optical and
electrical outcomes, such as photocurrent, electroluminescence, and photoluminescence,
leading to MFEs based on polaron pair model.
1.3.3.2 ο-mechanism
ο -mechanism is due to the difference in g-factors between an electron and a hole.
Considering a charge carrier (electron or hole) in a magnetic field B, the spin of this charge
carrier will precess about the magnetic field with a frequency given by:
ɘ ൌ ݃ߤ ܤȀ 
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where ߤ is the Bohr magneto, and  is Planck`s constant. The difference in g factors
between electron and hole can result in different precession frequency, which gives:
οɘ ൌ ߤ ο݃ܤȀ
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The large οɘ can induce strong intersystem crossing between spin-singlets and spintriplets in electron-hole pairs. The external magnetic field can manipulate intersystem
crossing, consequently developing magnetic field effect.
1.3.4 Spin Polarization
Spin polarization is known as the generation of non-equilibrium spin population, which can
be realized by two ways: (i) optical orientation in which the circularly polarized photons
transfer their angular momenta to electrons through angular momentum conservation; and (ii)
electrical spin injection in which a magnetic electrode is applied to inject spin-polarized
electrons into the sample. Generally, spin polarization or spin population is determined by
spin relaxation, which largely relies on SOC. Spin polarization forms a unique mechanism to
tune optoelectronic properties, such as luminescence and photocurrent. Whether these can be
realized is determined by the spin lifetime (߬௦ ). If ߬௦ is longer than or comparable to the
recombination time (߬ ), the luminescence can be partially polarized. If ߬௦ is longer than or
comparable to the exciton dissociation time (߬ௗ ), spin polarization can be used to control the
photovoltaic process.
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1.3.5 Spin States and Spin Effects in Hybrid Perovskites
1.3.5.1 Spin-orbit coupling of hybrid perovskites
The most popular hybrid perovskites for optoelectronics, such as the Pb-based perovskites,
have strong SOC due to the presence of heavy metal elements. Owing to such strong SOC,
the hybrid perovskites have exhibited very interesting spin properties. On one hand, the triply
degenerate states in the conduction band are split to non-degenerate upper J=3/2 state and
lower J=1/2 state owing to the strong SOC, which is ineffective on the valence band (a single
band), leading to S=1/2 at valence band maximum as shown in Figure 1-9. On the other hand,
Rashba effects have been theoretically predicted in several hybrid perovskites, such as βMAPbI3, β-MASnI3 and ortho-MASnBr3 due to the strong SOC and the breaking of inversion
symmetry.74, 152-154 Meanwhile, it has been revealed that highly spin-polarized electrons can
be optically generated in the polycrystalline thin film of MAPbI3 at low temperatures with
spin relaxation time within picosecond timescale for single charge carriers.35 This work also
points out that the spin relaxation time might be also strongly depending on the film quality
since the defects states are one of the sources for the spin scattering.
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Figure 1-9 Band structure of hybrid perovskites with the presence of strong SOC. The figure
is reproduced based on ref. 34
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1.3.5.2 Magneto-optical effects in hybrid perovskites
Magneto-optical effects have shown to be a powerful tool to study the spin-dependent charge
dissociation or charge recombination processes in organic semiconductors36, 121, 155-160 with
weak SOC. In this techniques, the applied magnetic field can modulate the outcome physical
properties in the terms of magneto-photocurrent, magneto-photoluminescence, magnetoelectroluminescence, and so on. Although the hybrid perovskites have exhibited strong SOC,
magneto-optical effects have been observed in the PSCs as well as its polycrystalline thin
film by both our group (as shown in Figure 1-10a and b) and Vardeny`s group.36, 37 The
observed magneto-optical effects suggests that the excited states in hybrid perovskites indeed
form different spin states. Y. C. Hsiao et al. proposed that these spin states are essentially
electron-hole pairs formed due to bimolecular recombination of free charge carriers.36 C.
Zhang et al. proposed that the magneto-optical effects of hybrid perovskites can be explained
by the ο-mechanism. More specifically, a large ο(~0.65) was estimated using fieldinduced circularly polarized photoluminescence measurements.37 However, both positive and
negative magneto-photocurrent responses have been reported from different groups.36, 37, 161
Therefore, it demands more efforts to gain an in-depth understanding of the spin states and
the mechanism of magneto-optical effects in hybrid perovskites.

Figure 1-10 (a) Magneto-photocurrent measured in PSCs at short-circuit conditions with
different excitation intensity; (b) Magneto-photoluminescence measured in perovskite thin
film with different excitation intensity. Figures are adapted from our publication (Hsiao, Y.
C., Wu, T., Li, M. & Hu, B. Adv. Mater. 27, 2899-2906, 2015).
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1.4 Dissertation Outline
Despite the remarkable achievements in the development of perovskite-optoelectronics, it is
still lacking a comprehensive understanding of the fundamental physics in hybrid perovskites
towards further advancing the performance of perovskite solar cells, light-emitting diodes,
and photodetectors, etc. The research in this dissertation aims to understand the polarization
and spin in hybrid perovskites and their effects in perovskite optoelectronic devices. The
outline of this dissertation is as follows.
The first three chapters are focused on exploring polarization effects in hybrid
perovskites, including MAPbI3 thin film with defect engineering, cation substitution, and
doping engineering, and MAPbI3 single crystals. Chapter 2 presents an experimental
demonstration of photoinduced bulk polarization in MA-based perovskites based on
anomalous photoinduced Capacitance-Voltage characteristics. We demonstrate that
photoinduced bulk polarization in hybrid perovskites forms an important mechanism to
develop efficient photovoltaic actions. Inspired by the first work, Chapter 3 presents an
approach to utilize polarization effect by doping perovskite bulk with highly polar organic
molecules, which demonstrates a pronounced improvement in the photovoltaic performance.
In addition to bulk polarization, Chapter 4 reports the first demonstration of interfacial ionic
polarization due to metal/ion interactions by studying MAPbI3 single crystal with different
metallic contacts, including gold (Au) and silver (Ag). This work shows that metal/ion
interaction can modify the surface electronic structure and manipulate semiconducting
properties of hybrid perovskites by utilizing the ionic defects in hybrid perovskites.
The latter two chapters are focused on understanding the spin states in hybrid perovskites
in both steady-state regime and dynamics regime. Specifically, Chapter 5 explores the spin
effects on the steady-state photovoltaic parameters (photocurrent), in MAPbI3 nanostructured
thin film devices and single crystal devices by both optical operation of circularly polarized
photoexcitation and magneto-optical measurements. Chapter 6 studies spin lifetime
combining time-resolved photoluminescence technique with circular excitation and detection.
Chapter 7 presents an overall summary of the research work in this dissertation and the
outlook for future works.
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Chapter 2 Photoinduced Bulk Polarization and
Its Effects on Photovoltaic Actions in Perovskite
Solar Cells
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2.1 Abstract
The investigation of bulk polarization in organic-inorganic hybrid perovskites is remaining
as a challenging issue due to their intrinsic ionic conductivity, which can interfere with the
electrical polarization. To overcome this problem, this chapter demonstrates an approach to
explore bulk polarization of hybrid perovskite by using a well-known method, CapacitanceVoltage measurement, where the drifted ions driven by a sweeping DC bias becomes invisible
during the detection of local polarization by a low alternating bias. Based on this technique,
we demonstrate an interesting phenomenon, namely photoinduced bulk polarization in a
series of Methylammonium-perovskite solar cells with defect engineering via chlorine
incorporation. Such photoinduced bulk polarization can be attributed to the reduction in the
rotational barriers for the dipolar organic cations under photoexcitation. The role of organic
cations in the observed photoinduced phenomena is further confirmed by comparing the
perovskites with different organic cations (Methylammonium vs. Formamidinium). The
effects of photoinduced bulk polarization on the photovoltaic processes, particularly charge
recombination, are also discussed. This chapter is revised based on an article published by
Ting Wu, Liam Collins, Jia Zhang, Pei-Ying Lin, Mahshid Ahmadi, Stephen Jesse, and Bin
Hu, in ACS Nano 2017, DOI: 10.1021/acsnano.7b06413.
2.2 Introduction
Methylammonium lead triiodide perovskite (MAPbI3) and its analogous MAPbI3(Cl) have
demonstrated great advantages in photovoltaic applications due to their high absorption
coefficient,1 ultrafast exciton dissociation,22,

67

ambipolar charge transport, low carrier

recombination,162 and low-cost solution processibility. The recent studies have proposed that
the dynamic disordering of organic cations (e.g. MA+ and FA+) can offer an important
mechanism in charge transport to prevent scattering from charged defects through the
formation of large polarons.82, 163 DFT calculation also predicts ferroelectricity in MAPbI3
due to the orientation of dipolar organic cations.71 However, it is still lacking convincing
experimental demonstration of ferroelectricity for MAPbI3 due to its superior electrical
conduction and ionic conduction. Meanwhile, the early study has reported a giant lowfrequency dielectric constant, which shows to be further enhanced by 1000 times with the aid
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of either photoexcitation or electrical injection in the hybrid perovskites.164 Later studies
suggested that such low-frequency dielectric response is likely due to the ions at the electrode
interface.165, 166 Therefore, the investigation of bulk polarization in hybrid perovskites is
remaining as a challenging issue due to their intrinsic ionic conductivity, which can interfere
with the electrical polarization.
To overcome this problem, this chapter demonstrates an approach to explore bulk
polarization of hybrid perovskite by using a well-known method, Capacitance-Voltage (CV)
measurement, where the drifted ions driven by a sweeping DC bias becomes invisible during
the detection of local polarization by a low alternating bias. Based on this technique, we
demonstrate an interesting phenomenon, namely photoinduced bulk polarization in a series
of MA based-PSCs. Such photoinduced bulk polarization capability is shown to be influenced
by the charged defects by studying PSCs with defect engineering via chlorine (Cl)
incorporation. The mechanism of photoinduced bulk polarization is discussed by correlating
with the dynamic behavior of MA+ under photoexcitation. The role of organic cations in the
photoinduced bulk polarization phenomenon is further confirmed by replacing MA+ with
hard-rotational FA+. The effects of photoinduced bulk polarization are discussed at the end.
2.3 Materials and Methods
2.3.1 Materials
PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, AI4083) was
purchased from Heraeus Clevios; Methylammonium iodide (MAI), Formamidinium iodide
(FAI) and Phenyl-C61-butyric acid methyl ester (PC61BM) were purchased from 1-Material;
Lead(II) iodide (PbI2, ultra-dry, 99.999%), and Lead(II) chloride (PbCl2, ultra-dry, 99.999%)
were purchased from Alfa Aser; Cesium iodide (CsI, ≥99.9% metals basis), dimethyl
sulfoxide (DMSO), γ-butyrolactone (GBL), N,N-dimethylformamide (DMF), toluene,
chlorobenzene, isopropanol, acetone, and Polyethylenimine (PEI, Mw~2000, 50 wt.% in
water) were purchased from Sigma-Aldrich. All materials were used as received.
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2.3.2 Device Fabrication
As shown in Figure 2-1, all devices were fabricated with an inverted structure of
ITO/PEDOT:PSS/Perovskite/PCBM/PEI/Ag. ITO/glass substrates were sequentially cleaned
with detergent water, deionized water, isopropanol, and acetone by ultrasonication and
followed with UV ozone treatment for 30 min. The PEDOT:PSS layer was spin-cast on top
of pre-cleaned ITO/glass substrates at 4000 rpm for 60 s, and followed by thermal annealing
at 150 Ԩ in ambient condition for 30 min. For MA-based perovskites, the precursor solutions
(1.35M) were made from MAI, PbCl2, and PbI2 dissolved in a mixed solvent of GBL and
DMSO (7:3 v/v) at 70 Ԩ for 4 h. The molar ratio of PbCl2 to PbI2 (CL/I ratio is used for short)
was tuned from 0 to 0.15, 0.25 and 0.30. The precursor solutions were cooled down to room
temperature and spin-cast on top of PEDOT:PSS with a sequential two-step spin coating
process (1000 rpm for 10 s and 4000 rpm for 60 s). The spinning substrates were subjected
to a fast solvent washing process with toluene (400ɊL) at the 20th s of the second step and
followed by thermal annealing at 100 Ԩ for 10 min. It should be noted that the washing
process is critical to obtain high quality perovskite thin film, which may vary with the
selection of raw materials, the atmosphere of the glovebox, and the rate of the washing
process, etc. For FA-based perovskite, FAPbI3(Cs), the precursor solution was prepared by
mixing FAI (0.8 M), CsI (0.2 M) and PbI2 (1 M) into a mixed solvent of DMF and DMSO
(4:1 v/v) at 70 Ԩ. The FAPbI3(Cs) thin film was prepared by spin coating at 4000 rpm for 40
s. The as-cast thin film was immediately dipped into toluene bath for 30 s and then annealed
at 150 Ԩ for 10 min. The PC61BM layer was coated on top of perovskite layer at 2000 rpm
for 60 s from 20 mg/mL solution of chlorobenzene, the substrates were then kept in glass
petri dish for 45 min; Afterward, a solution of PEI in Isopropanol (0.5 mg/mL) was spin-cast
on top of PCBM at 5000 rpm for 60 s. Finally, 100 nm silver layer was thermally deposited
as the cathode with an effective area of 0.08 cm2 under the vacuum of 7×10-7 Torr.
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Figure 2-1 (a) Device structure of perovskite solar cells; (b) Corresponding energy level
diagram.

2.3.3 Characterization of Photovoltaic Performance
Current density-voltage (J-V) characteristics were measured using Keithley 2612 source
meter and solar simulator (Thermal Oriel 96000 300 W from Newport) at 100 mW/cm2, AM
1.5G illumination in nitrogen gas filled glovebox. The J-V characteristics in ambient
condition were measured by Keithley 2400. The intensity of light source was calibrated with
a commercialized silicon photodiode (S1133, Hamamatsu). J-V hysteresis of all devices was
examined by measuring J-V characteristics under forwarding (FW) and reversing (RV)
scanning modes and different delay time (0 ms ~500 ms). Device operation stability to
photoexcitation and electrical biasing was examined by measuring J-V characteristics under
the continuous exposure of 1-sun condition for 10 mins and tracking open-circuit voltage
(Voc) and short-circuit current (Jsc) for 10 mins in ambient condition.
2.3.4 Capacitance-Voltage Measurement
Capacitance-voltage (CV) characteristics were measured by Agilent E4980A LCR meter
with a DC bias sweeping from -0.5 V to 1.5 V and an alternating bias of 50 mV at a fixed
frequency (5 KHz). The frequency is selected from the plateau regime of the capacitancefrequency characteristics, which is associated with the bulk polarization according to ref 167.
The measurement circuit is schematically shown in Figure 2-2. All samples were excited by
sunlight simulator from the ITO side with nitrogen gas flow. The excitation intensity was
tuned from 0.1-sun to 1-sun by neutral density filters.
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Figure 2-2 Schematic diagram of capacitance-voltage measurement on devices.

2.3.5 Kelvin Probe Force Microscopy
Kelvin Probe Force Microscopy (KPFM) measurements were performed in lift mode (lift
height of ~ 50 nm) using a commercial AFM (Asylum Research, Cypher) and as-received
Pt/Ir-coated (Nanosensors, PPP-EFM) AFM probes with a nominal mechanical resonance
frequency and spring constant of 75 kHz and 2.8 N/m, respectively. Measurements were
performed while a 2 Vac, tuned to the mechanical resonance frequency of the cantilever, was
directly applied to the conductive tip. The measurements were performed on perovskite thin
film spin-cast on top of a PEDOT:PSS/Si wafer.
2.3.6 Time-Resolved Photoluminescence Measurement
Time-resolved photoluminescence (TRPL) measurement was performed to characterize PL
lifetimes by a homemade setup with a Streak Camera (HAMAMATSU C10627) and a Ybdoped fiber laser (TANGERINE, Amplitude System). Perovskite thin films spin cast on
quartz substrates were prepared for this measurement. A thin layer of PMMA was coated on
top of perovskite thin film to avoid the degradation due to environmental moisture. Samples
were excited at 400 nm with a fluence of 30 ߤJ/cm2 and a repetition rate of 50 kHz. The data
was fitted with an exponential function:
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Where ܣ is amplitude, τi represents the lifetime, and σ is the temporal resolution.
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2.3.7 Bias-Dependent Photoluminescence Measurement
Bias-dependent photoluminescence (PL) spectra: Bias-dependent PL spectra of the solar cell
devices were performed by measuring PL spectra with an external bias applied by Keithley
2400 source meter. PL spectra were measured in nitrogen gas filled fluorescence spectrometer
(SPEX Fluorolog III) under the photoexcitation of 532 nm CW laser. The photoexcitation
intensity was tuned to generate a photocurrent comparable to that under 1-sun condition.
2.3.8 Absorption Characterization
Absorption spectra: Absorption spectra were recorded by the ultraviolet-visible spectrometer
(Lambda 35, from Perkin Elmer). Perovskite thin films spin-cast on top of ITO/PEDOT:PSS
were used for this measurement. ITO/PEDOT:PSS samples were used for calibration.
2.4 Results and Discussion
2.4.1 Photovoltaic Performance
The photovoltaic parameters for all PSCs studied in this work are summarized in Table 2-1.
For MA-based PSCs, the PCEs are dramatically improved from 12.41% (11.81% in average)
to 18.19% (17.58% in average) via Cl-incorporation with the optimized Cl/I ratio of 0.25.
More specifically, the open-circuit voltage (Voc) is significantly increased from 0.86±0.01 V
to 1.05±0.01 V, simultaneously the short-circuit current (Jsc) is improved from 17.97±0.16
mA/cm2 to 21.50±0.11 mA/cm2, while fill-factor (FF) is slightly enhanced from 0.77±0.01
to 0.78±0.01. However, further increasing the CL/I ratio to 0.30 causes a reduction in both
Voc and Jsc, and consequently decreasing the photovoltaic efficiency. As a reference, FAbased PSCs can have relative larger Jsc (23.35 mA/cm2) but smaller Voc (0.97 V) due to the
smaller bandgap with respect to MA-based PSCs.
It should be noted that all of MA-based PSCs do not show IV hysteresis under different
scanning direction and scanning rate (Figure 2-3a and b). Meanwhile, the devices exhibit
promising stability under the exposure of light and electrical biasing. From Figure 2-3c, we
can see that J-V characteristics show negligible changes under the photoexcitation of sunlight
simulator for 10 mins, suggesting negligible light-soaking effect and degradation in device
performance. More specifically, there is no degradation in neither Voc nor Jsc under contin30

Table 2-1 Photovoltaic parameters of the MA-based PSCs and the FA-based PSCs.
Device

Jsc (mA/cm2)

Voc (V)

FF (%)

PCE (%)

MA-Cl/I-0

18.20

0.87

78

12.41

MA-Cl/I-0.15

19.51

1.00

77

15.08

MA-CL/I-0.25

21.57

1.07

79

18.19

MA-Cl/I-0.30

20.97

1.01

78

16.47

FA

23.35

0.97

63

14.27
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Figure 2-3 (a) J-V characteristics of MA-based perovskite solar cell with the Cl/I ratio of 0
(MA-Cl/I-0) and 0.25 (MA-Cl/I-0.25) under forward (FW) and reverse (RV) scanning modes
with zero delay time; (b) J-V characteristics of PSC (MA-Cl/I-0.25) under different delay
times (RV scan); (c) J-V characteristics PSC (MA-Cl/I-0.25) with different light soaking
times; Inset shows the evolution of Voc and Jsc tracked for 10 mins in ambient condition. (d)
J-V characteristics of FA-based PSC under FW and RV scanning.
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uous tracking for 10 min in ambient condition (see inset in Figure 2-3c). The promising
operation stability in ambient condition is likely due to the self-encapsulation from the PEI
layer due to the presence of amine groups, which not only helps to block moisture from the
environment but also block the iodine migration to the metal electrode. The removal of those
complexities provides the necessary condition to explore photoinduced bulk polarization in
the hybrid perovskites.
2.4.2 Anomalous Photoinduced Capacitance-Voltage Characteristics
The capacitance-voltage (CV) characteristics of all MA-based PSCs present an anomalous
photoinduced CV signal occurring within the depletion region ranging from -0.5 V to + 0.5
V at the intermediate frequency (5 KHz) window associated with the dipolar orientational
polarization. As schematically shown in Figure 2-4, a typical CV curve can be divided into
three regions: (i) depletion region, (ii) charge-accumulation region, and (iii) chargerecombination region. In the depletion region, the capacitance tends to approach a
geometrical value, namely geometrical capacitance ܥ ൌ

ఌ ఌబ


(A is the effective area, ߝ

is the relative dielectric constant of the medium, ߝ is the permittivity of the vacuum, and L
is the thickness of the medium).168, 169 When sweeping a forward bias towards the peak
(ܸ ), the photogenerated charge carriers start to accumulate at the electrode interface due
to the weakening of the built-in potential (ܸ ), leading to an increase in the capacitance.
Generally, the capacitance in this region can be described by the classical Mott-Schottky
ଶሺ ିሻ

model, in which ି ܥଶ ൌ మఌ್ ఌ

 బே

(N represents the doping level).121, 168 Further increasing

bias beyond ܸ , the photogenerated charge carriers tend to recombine when ܸ is
completely diminished, leading to a decrease in capacitance. Therefore, the typical CV
characteristics exhibit a peak, namely CV peak, which can be clearly observed in a
commercialized silicon cell (Figure 2-5a). Such CV peak can also be seen in all of our MAbased PSCs with and without Cl-incorporation to show accumulation and recombination
features (Figure 2-5b and c). Most interestingly, a broad CV signal is appeared in the
depletion region from -0.5 V to +0.5 V, when increasing the excitation intensity from 0.1 sun
to 1 sun, for all MA-based PSCs. More specifically, when the photoexcitation intensity is
increased from 0.1 to 1 sun, the amplitude of anomalous CV signal at zero DC bias (short32
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Figure 2-4 Schematic diagram of the typical photoinduced capacitance-voltage
characteristics of a solar cell.
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Figure 2-5 Photoinduced capacitance-voltage characteristics for (a) a silicon cell, (b) a PSC
without Cl-incorporation (MA-Cl/I-0), (c) a PSC with Cl-incorporation (MA-Cl/I-0.25), and
(d) a reference device without perovskite. ο represents the capacitance change under
short-circuit condition upon increasing excitation intensity from 0.1-sun to 1-sun.
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circuit condition) and an intermediate frequency (5 KHz) is enhanced by 23% and 73% in
the PSCs with the CL/I ratio of 0 and 0.25, respectively. However, this anomalous CV signal
becomes disappeared when the perovskite layer is removed from the device, leading to a
standard CV curve as shown in Figure 2-5d. Clearly, the anomalous CV signal is associated
with the perovskite layer in our hysteresis-free devices, and suggesting a photoinduced bulk
polarization effect appearing after depleting the surface polarization.
2.4.3 Photoinduced Bulk Polarization
In order to confirm whether the anomalous CV signal can serve as a signature of
photoinduced bulk polarization, we further analyze the CV peak shift with increasing the
photoexcitation intensity, namely ܸ shift. In our early studies we showed that such
ܸ shift is essentially caused by surface accumulation of photogenerated carriers upon
changing photoexcitation intensity in solar cells.121, 167, 170, 171 It should be noted that, when
the surface polarization involves ion migration/accumulation, it can cause an IV hysteresis
in PSCs.93, 96, 172 As shown in Figure 2-5b, without Cl-incorporation the device shows a large
CV peak shift of 119 mV upon increasing the photoexcitation intensity from 0.1 sun to 1 sun,
indicating a surface accumulation of photogenerated carriers. However, the CV peak shift
becomes negligible with Cl-incorporation in Figure 2-5c, minimizing surface accumulation
of photogenerated carriers. Simultaneously, the Cl-incorporation can largely increase the
photoexcitation dependence of anomalous CV signal. When the photoexcitation increases
from 0.1 sun to 1 sun, the anomalous CV signal is increased by a factor of three by
incorporating Cl (Cl/I ratio=0.25) with respect to devices without Cl. Clearly, the Clincorporation can effectively suppress the photoinduced surface polarization but largely
increases the anomalous CV signal occurring in the depletion region. Therefore, we propose
that the anomalous CV signal in the depletion region presents the evidence for photoinduced
bulk polarization in PSCs. Furthermore, this anomalous photoinduced CV signal is shown to
exhibit a similar dependence on the Cl/I ratio with the device efficiency (Figure 2-6). This
suggests that photoinduced polarization plays an important role in determining the
photovoltaic performance of PSCs.
We can further confirm that surface accumulation of photogenerated carriers is not
responsible for the anomalous CV signal by analyzing the CV characteristics of a Si cell un34
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Figure 2-6 Photoinduced capacitance-voltage characteristics of MA-based PSCs with
different CL/I ratios. (a) CL/I = 0, (b) CL/I = 0.15, (c) CL/I = 0.25, and (d) CL/I = 0.30.

der different photoexcitation intensities at the frequency of 5 KHz (Figure 2-5a). We can
clearly see that increasing photoexcitation does not change the CV signal within depletion
region, but causes a ܸ shift in the Si cell. The ܸ shift serves as an evidence that
increasing photoexcitation leads to a surface accumulation of photogenerated carriers.
Clearly, the surface accumulation of photogenerated carriers does not give rise an anomalous
photoinduced CV signal within depletion region in Si cell. Therefore, we can believe that the
anomalous CV signal within depletion region is related to the photoinduced bulk polarization
in organic-inorganic hybrid perovskites.
It should be noted that cations/anions in organic-inorganic hybrid perovskites can
interfere with the bulk polarization, which brings a technical difficulty to detect photoinduced
bulk polarization. Here, we should point out that our measurements scan a DC bias to
continuously drift the mobile ions during the detection of photoinduced bulk polarization at
a low AC bias. In this situation, the continuously drifted ions become invisible in the
detection of using an alternating bias at a specific frequency. Specifically, when the mobile
organic ions are continuously drifted by scanning a DC bias, a low alternating bias (50 mV
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at 5 KHz) can induce a CV signal only from local static polarizations. Therefore, scanning a
DC bias with a low alternating bias can separate the continuously moving ions from local
static polarizations during AC detection of CV signal. Clearly, our measurements present an
effective method to detect photoinduced bulk polarization in organic-inorganic hybrid
perovskites.
2.4.4 Mechanism of Photoinduced Bulk Polarization
2.4.4.1 Theoretical analysis
To understand the underlying mechanism of the photoinduced bulk polarization in MA-based
perovskite solar cells, we need to discuss how a bulk polarization can be generated within
the crystalline structure by photoexcitation. It is known that photoexcitation can induce
electronic polarization with a relaxation rate in high-f regime (~1014 Hz). However, a bulk
polarization is normally dominated by dipolar polarization with relaxation rate in the
intermediate frequency regime (~105 Hz). Apparently, the photoinduced electronic
polarization and the dipolar polarization dominated bulk polarization have largely different
time constants, leading to a difficulty of generating photoinduced bulk polarization in most
materials. Here, we should point out that hybrid perovskites possess a unique mechanism to
generate photoinduced bulk polarization.
In MAPbI3, the MA+ cations are bound with the inorganic framework, particularly with
halogens, through hydrogen bonding. In dark condition and room temperature, MAPbI3 is in
tetragonal phase, in which the dipolar organic cations are randomly orientated (Figure 2-7a)
with a large rotational barrier (ο) as compared to the cubic phase at a higher temperature.
Under photoexcitation, the interband excitation can induce electronic polarization due to
electron transfer from the hybridized Pb 6s–I 5p orbital to the Pb 6p orbital within the
inorganic framework [PbI6]- (Figure 2-7b). The distribution of photoexcited electrons and
holes is expected to decrease the rotational barrier for MA+ dipoles, consequently increasing
the dipolar polarization. The binding energy between MA+ and [PbI6]- has been theoretically
shown to decrease by interband excitation.173, 174 The reduction in binding energy can lead to
the decrease on the rotational barrier for MA+ dipoles, and hence increasing the freedom for
alignment under electric field (Figure 2-7c). Therefore, a photoexcitation can induce bulk
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Figure 2-7 Proposed mechanism of photoinduced bulk polarization. (a) Random dipolar
organic cations in dark condition; (b) Alignment of dipolar organic cations due to reduced
potential barrier of orientating dipolar organic cations upon photoexcitation; (c) Potential
barriers between random and aligned dipolar organic cations at dark (dash) and
photoexcitation (solid) conditions. ο and οԢ represent the rotational barriers in dark
condition and under photoexcitation.
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polarization in perovskite solar cells under device-operating condition by decreasing the
potential barrier to realize the orientation of dipolar organic cations.
2.4.4.2 The role of organic cations
To address the role of organic cations in developing photoinduced bulk polarization, we
further study another type of hybrid perovskite (FAPbI3(Cs)) as compared to MA-based
perovskite. Here, the FA+ cations have a much lower dipole moment (ߤ ൌ0.2 D) and larger
orientation-potential barrier (ܧ௧ ൌ13.9 kJ/mol) than the MA+ cations (ߤ ൌ2.3 D, ܧ௧ ൌ1.3
kJ/mol).71, 175 Meanwhile, 15 mol% Cs+ (cesium) was introduced into this type of perovskites
to stabilize the photoactive black phase (α-phase) of FAPbI3 due to the stronger interaction
between Cs+ and the inorganic framework.176 The CV characteristics of the device exhibit a
large ܸ shift about 360 mV when excitation intensity increases up to 1 sun, suggesting
the presence of large surface polarization due to interface charge accumulation. Most
importantly, the CV characteristics of the FA-based perovskite solar cells particularly in the
depletion region does not show a broad CV signal associated with the photoinduced bulk
polarization, opposite to the MA-based perovskite solar cells. Instead, the CV characteristics
of the FA-based perovskite solar cells in Figure 2-8 are more similar to the typical CV
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Figure 2-8 Photoinduced capacitance-voltage characteristics (f =5 KHz) of FA-based PSCs
measured under simulated sunlight with variable intensities from 0.1-sun to 1-sun.
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The lack of photoinduced bulk polarization in the FA-based perovskite solar cells is
likely due to (i) the much weaker dipole moment of FA+ as compared to that of MA+, and (ii)
the larger rotational barrier of FA+ caused by the larger molecular size and enhanced
hydrogen bonding between FA+ and inorganic framework.71,

177

Clearly, the comparison

between MA-based and FA-based perovskites confirms that the photoinduced bulk
polarization relies on the orientational/rotational freedom of dipolar organic cations
manipulated by photoexcitation through redistribution of photogenerated carriers.
2.4.4.3 Effect of Cl-incorporation
In the published works, the roles of Cl- in MA-based perovskite solar cells have been widely
studied with the focus on morphological development,178, 179 and optoelectronic properties,78,
180-182

such as improving film quality, modifying energy level, increasing carrier diffusion

length, and reducing non-radiative recombination. However, the present knowledge of the
Cl-incorporation is difficult to be correlated with the bulk polarization of perovskite.
To address how Cl-incorporation influences bulk polarization, we performed KPFM
measurements for the MA-based perovskite solar cells with and without Cl-incorporation.
The KPFM is known to be an effective tool to map the surface potential on local grain
boundaries and grain bulk. Essentially, the surface potential arises from the contact potential
difference (CPD) between the tip and sample surface, which can reflect local polarization.
As shown in Figure 2-9, the perovskite thin film without Cl-incorporation shows a blurry
mapping of CPD image (Figure 2-9a and b), whereas the perovskite thin film with Clincorporation exhibits clear contrast in CPD with lower potential about ~20 mV at grain
boundaries as compared to the grain bulk (Figure 2-9c and d). The potential difference
between the grain boundaries and grain bulk is in good agreement with the height difference
(Figure 2-9e), which exclude the effects of charging or band bending at grain boundaries.
Meanwhile, the blurry contrast in CPD for perovskite thin film without Cl-incorporation is
likely due to the surface charged defects. This is further confirmed by the blurred contrast in
CPD image of the aged perovskite thin film with Cl-incorporation (Figure 2-9f), which was
produced by keeping the previous sample with Cl-incorporation at ambient condition over
24 h. Therefore, the KPFM study demonstrates that the Cl incorporation can effectively
reduce the surface-charged defects during crystallization. It should be noted that charged def39

Figure 2-9 Kelvin probe force microscopy imaging of the surface potential of MA-based
perovskite thin films. (a,b) Topography height and contact potential difference (CPD)
imaging for perovskite thin film without Cl-incorporation; (c,d) Topography height and CPD
imaging for perovskite thin film with Cl-incorporation; (e) Local variation in CPD and height
across two neighboring grains indicated in (c); (f) CPD image of the aged sample with Clincorporation. Images are zero order flattened for clear comparison. The perovskite thin film
was spin-cast on top of PEDOT:PSS/Si wafer. The aged sample was kept in ambient
condition over 24 h without any protection.
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ects can form an additional field to locally screen the influence of built-in field on the MA+,
and consequently weaken the dipole alignment due to the built-in field in perovskite solar
cells. Therefore, the enhanced photoinduced bulk polarization upon Cl-incorporation can be
attributed to the reduced screening effect from the charged defects.
To understand the charged defects, we performed time-resolved photoluminescence
(TRPL) study on the PL lifetime of perovskite thin films with and without Cl-incorporation.
As shown in Figure 2-10a, the TRPL dynamics of the two samples show both fast (߬ଵ ) and
slow ( ߬ଶ ) components, corresponding to trap-assisted recombination and bimolecular
recombination, respectively. This is consistent with the published works. More specifically,
the bimolecular recombination lifetime is increased from 24 ns to 36 ns upon Clincorporation under the same excitation intensity, which can be attributed to the decreased
density of non-radiative recombination centers. These non-radiative recombination centers
are essentially deep trap states. It should be noted that the shallow trap density may not be
influenced upon Cl-incorporation based on the similar Urbach tail of absorption spectra in
Figure 2-10b.
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Figure 2-10 (a) Time-resolved photoluminescence measurements on lifetime of perovskite
thin film with and without chlorine incorporation; (b) Corresponding absorption spectra.
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2.4.5 Effects of Photoinduced Bulk Polarization on Photovoltaic Actions
For PSCs, there are mainly three types of energy loss channels: (i) radiative recombination
loss evidenced by the high luminescence quantum efficiency,22,

107

(ii) non-radiative

recombination associated with the intrinsic defects or trap states,76, 107 and (iii) hot carrier
cooling through the multi-phonon process.82, 163 Here, we explore the effects of photoinduced
bulk polarization on radiative recombination since charge recombination is essentially
determined by the dielectric constant. As shown in Equation (2-2), the capture radius (ݎ )
for charge recombination is given by:183
ݎ ൌ ସగఌ
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where ݇ is Boltzmann constant, T is temperature, and H represents the dielectric constant.
This equation suggests that the capture radius ݎ can be decreased upon increasing the bulk
polarization. Based on photoinduced capacitance values with and without Cl-incorporation
at short-circuit condition under 1-sun photoexcitation, we can estimate that the dielectric
constant can be approximately enhanced by 40%, leading to a decrease on the ݎ from 19ܣሶ
(about 2~3 unit cells) to 10ܣሶ (about 1 unit cell) in our best perovskite solar cell with the Cl/I
ratio of 0.25, which is estimated by using the static dielectric constant in dark condition

ൎ ͵ͲǤͷ )184. This estimation provides a clear picture to show why the radiative
( ߝ௫

recombination loss is low in the high-efficiency PSCs under the influence of photoinduced
bulk polarization.
Experimentally, we explore the effects of photoinduced bulk polarization on radiative
recombination in MA-based perovskite solar cells with and without Cl-incorporation by
using bias-dependent photoluminescence (PL) measurements. Our early study has shown that
bias-dependent PL can be conveniently performed on perovskite solar cells by measuring the
PL intensity under a forward bias changed from Voc condition, where the built-in field is
negligible, to Jsc condition, where the built-in field exist.170 Essentially, changing the forward
bias from Voc to Jsc condition leads to a decrease in PL intensity, generating a 'PL. This
'PL can reflect the effects of the built-in field on the radiative recombination of
photogenerated carriers. We should note that, when the bulk polarization is increased by Clincorporation through the passivation of grain boundary defects, changing the forward bias
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from Voc to Jsc condition is expected to enlarge the amplitude of 'PL. Therefore, comparing
the 'PL measured from Voc to Jsc conditions can indicate how bulk polarization affects the
radiative recombination upon chlorine incorporation. Figure 2-11 presents the results of biasdependent PL measurement at different biases between Voc and Jsc conditions. When
changing the forward bias from Voc to Jsc (V=0 V) condition, the ο is determined to be
-37%, -53%, -71% and -69% for the perovskite solar cells with the CL/I ratios of 0, 0.15,
0.25 and 0.30. Here, 'PL is calculated by:
οൌ

ሺሻିሺ୭ୡሻ
ሺ୭ୡሻ

 























ሺʹǦ͵ሻ

where PL (V) is the integrated PL intensity measured at a given bias. Clearly, chlorine
incorporation enlarges the bias-dependent PL in MA-based perovskites. Essentially, this
indicates that the chlorine incorporation simultaneously suppresses both non-radiative and
radiative recombination by passivating the grain boundary defects and increasing bulk
polarization.
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Figure 2-11 Bulk polarization effects on radiative recombination in perovskite solar cells.
Bias-dependent PL, shown as ο measured between Voc and Jsc conditions, is given for
MA-based perovskite solar cells with different CL/I molar ratios.
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2.5 Summary
This chapter reports the experimental demonstration of photoinduced bulk polarization in a
series of hysteresis-free MA-based perovskite solar cells based on an anomalous CV
characteristic with a broad “shoulder” in the depletion region under photoexcitation. We
demonstrate that the CV measurement allows detecting the local polarization signal by a low
alternating bias since the drifting ions under the sweeping DC bias become invisible.
Replacing the easily-rotational MA+ cations with hard-rotational FA+ cations largely weakens
the anomalous CV characteristics, suggesting that photoinduced bulk polarization relies on
the orientational freedom of dipolar organic cations. Meanwhile, the photoinduced bulk
polarization shows to be enhanced upon Cl-incorporation, simultaneously the device
efficiency is improved from 12.41% to 18.19%. Further study suggests that Cl-incorporation
can suppress the density of charged defects, and thus enhances bulk polarization due to the
reduced screening effect from charged defects. Bias-dependent photoluminescence study
indicates that increasing bulk polarization can suppress radiative recombination by
decreasing charge capture probability through Coulombic screening effect. In summary, this
chapter provides an insightful understanding of photoinduced bulk polarization and its effects
on photovoltaic actions in perovskite solar cells.
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Chapter 3 Dipolar Polarization Effects in
Perovskite Solar Cells: Improving Efficiency via
Highly Polar Molecular Additives
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3.1 Abstract
The rotational/orientational freedom of dipolar organic cations (e.g. MA+, dipole moment
ߤ ൎ2.3 D) in hybrid perovskites is shown to form an important mechanism to develop
efficient photovoltaic actions in previous chapter. Chapter 3 extends the previous work by
doping MAPbI3 with highly polar organic molecules, 4-(Dicyanomethylene)-2-methyl-6-(4dimethylaminostyryl)-4H-pyran) (DCM, ߤ ൎ 11 D) to explore the dipole effects on
photovoltaic actions. The incorporation of DCM simultaneously improves short-circuit
current and open-circuit voltage, leading to an improvement in power conversion efficiency
from 14.45% to 18.61% with negligible impact on morphology, light absorption and energy
disordering of perovskite layer. By combining the steady-state photoluminescence, timeresolved photoluminescence and magneto-photocurrent measurements, we demonstrate that
the DCM molecules can induce strong dipole field to effectively suppress the recombination
of free charge carriers and the formation of localized electron-hole pairs due to Coulombic
screening effect. Other possible effects, such as charge transfer, and exciton dissociation, are
also discussed based on the transient absorption study.
3.2 Introduction
Hybrid perovskites have demonstrated great of advantages for the applications in
photovoltaics with power conversion efficiency (PCE) over 20% in less than five years.6, 7, 9,
10

However, the best efficiency but still lies below the theoretical limit, namely Shockley-

Queisser (SQ) limit (34% for MAPbI3).185 Although the excitons in hybrid perovskites
exhibit Wannier-Mott character due to their low binding energy (EB, 2~50 meV for MAPbI358,
59, 66, 186, 187

), the branching ratio of free charge carriers and excitons (or bound electron-hole

pairs) in hybrid perovskites is still under debate.66, 188-191 The early ultrafast spectroscopy
studies have shown that photoexcitation in MAPbI3 mainly generates free charge carriers 66,
190, 192

under photovoltaic working conditions with a fast exciton dissociation in picosecond

time-scale.162, 192 However, the magneto-optical effects from the PSCs have suggested the
formation of electron-hole pairs upon bimolecular recombination from free carriers.36, 37
Recent imaging technique based on ultrafast spectroscopy has probed the spatially segregated
free-carrier and exciton populations within individual grains.188 Meanwhile, the localized
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electron-hole pairs in band tail states have been demonstrated for several types of perovskites
based on spectral-dependent luminescence decay dynamics, excitation density-dependent
luminescence, and frequency-dependent terahertz photo-conductivity.189 These localized
electron-hole pairs are expected to contribute to the light-emitting process, therefore
explaining the high photoluminescence (PL) quantum efficiency of hybrid perovskite.189, 192
However, the formation of e-h pairs could form an energy loss mechanism in PSCs in addition
to non-radiative recombination.
In Chapter 2, we have demonstrated that photoinduced bulk polarization associated with
the freedom of dipolar organic cations plays an important role in PSCs. Inspired by that study,
we intentionally dope MAPbI3 with highly polar organic molecules, 4-(Dicyanomethylene)2-methyl-6-(4-dimethylaminostyryl)-4H-pyran) (DCM), which have a larger permanent
dipole moment (ߤ ൎ11 D) as compared to the organic cations MA+ (ߤ ൎ2.3 D). The effects
of dipole molecules on the photovoltaic processes of PSCs are studied by steady-state PL,
time-resolved

PL,

magneto-photocurrent

measurements

and

transient

absorption

spectroscopy.
3.3 Materials and Methods
3.3.1 Materials
DCM (MW=303.37) was purchased from Exciton, Inc.; MAI and PC61BM were purchased
from 1-Material, Inc.; PbI2 (ultra-dry, 99.999%, metals basis), Nickel(II) formate dehydrate,
and Ethylene glycol (99%) were purchased from Alfa Aesar; DMSO, GBL, Toluene,
Chlorobenzene, Ethylenediamine, Isopropanol, and PEI (Mw~2000, 50 wt.% in water) were
purchased from Sigma-Aldrich. All materials were used as received.
3.3.2 Device Fabrication
All devices were prepared in an inverted geometry of ITO/NiOx/MAPbI3(with or without
DCM)/PC61BM/PEI/Ag as shown in Figure 3-1a. Here, DCM molecules (Figure 3-1b) were
incorporated into MAPbI3 bulk by mixing DCM into the precursor solutions of perovskite
with four different concentrations (0, 0.5, 1.5 and 2.0 mol. %). The precursor solution of
NiOx was prepared according to our previous publication170 and filtered with 0.20 μm PTFE
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filters before using. The NiOx layer was spin-cast on top of a pre-cleaned ITO glass substrate
at 4000 rpm for 90 s and annealed at 300 Ԩ for 1hr in ambient condition. After cooling
down to room temperature, the samples were immediately transferred to the nitrogen filled
glove box. Perovskite solution was prepared by dissolving equimolar MAI and PbI2 in the
mixed solvents of GBL and DMSO (7:3 v/v) with the concentration of 1.3 M and stirred at
60 Ԩ overnight. Afterward, the perovskite solution was divided into four vials with DCM
in different concentrations (x), where x=0, 0.5, 1.5 and 2.0 mol. %. The color of perovskite
solution changed from light yellow to red after adding DCM. All solutions were stirred at
room temperature for at least four hours and filtered before use. All perovskite layers were
deposited on top of NiOx layer by a consecutive two-step spin coating process at 1000 rpm
for 10 s and 4000 rpm for 60 s. At the 20th second of the second step, 600ɊL Toluene was
quickly dropped onto the spinning substrate. The as-cast perovskite thin films were then
immediately annealing at 95 Ԩ for 10 min. After cooling down, the PC61BM layer was
coated on top of perovskite layer at 2000 rpm for 60 s from 20 mg/mL solution of
Chlorobenzene. The substrates were then kept in glass petri dish for 45 min. A diluted
solution of Polyethylenimine (PEI, Mw~2000, 50 wt.% in water) in Isopropanol (0.5 mg/mL)
was then spin-cast on top of PC61BM at 5000 rpm for 60 s. Finally, 100 nm silver layer was
thermally deposited as the cathode with an effective area of 0.06 cm2 under the vacuum of
7×10-7 Torr. All devices were encapsulated by glass covers with epoxy inside glove box for
the measurements in ambient condition.

Figure 3-1 (a) Energy level diagram of PSCs and (b) chemical structure of DCM molecules
with a red arrow indicating dipole moment
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3.3.3 Characterization of Photovoltaic Performance
J-V characteristics were measured by the same method shown in Section 2.3.3. External
quantum efficiency (EQE) spectra were measured in ambient condition using a homemade
setup with a xenon arc lamp (1TDN4A, Dayton), a monochromator (CS130-RG-1-FH,
Newport), a chopper controller (SR540, Stanford Research Systems), a low-noise
preamplifier (SR570, Stanford Research Systems) and a lock-in amplifier (SR830 DSP,
Stanford Research Systems). The setup was calibrated with a Si detector (DET100A,
Thorlabs).
3.3.4 General Characterizations of Optical Properties
Measurement details are shown in Section 2.3.7 and 2.3.8.
3.3.5 Time-Resolved Photoluminescence Measurement
Measurement details are shown in Section 2.3.6.
3.3.6 Magneto-Photocurrent Measurement
Magneto-photocurrent measurements were performed by monitoring the photocurrent of a
PSC at a given bias (from zero to Voc) under external magnetic field (~900 mT). The
magnetic field was applied parallel to the device plane, while an incident light of 532 nm was
perpendicular to the device plane. The light intensity was set to generate the same
photocurrent with AM 1.5G illumination. The field-induced photocurrent change (ο )ܬis
defined by:
ο ܬൌ
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represent Jsc with and without B, respectively.

3.3.7 Transient Absorption Measurement
Transient absorption (TA) measurement were performed with a commercial Ti:Sapphire
amplifier system (Pulsar, Amplitude Technologies) operating at repetition rate of 50 kHz
generated 40 fs pulses that split into two parts: the intense one was injected into a BBO crystal
to generate the pump beam at 400 nm and 50 fs time resolution, and the weak one to generate
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the white light continuum by focusing on a 2 mm CaF2 crystal. The 550-850 nm probe beam
was measured in two separate sets of data with a Peltier-cooled high-speed charge-coupled
device (CCD) mounted at the output of a 25-cm focal length spectrometer (resolution 3 nm).
The pump and probe pulses were focused on 100ൈ100 μm2 and 80ൈ80 μm2, respectively.
The pump pulse intensity was carefully reduced so as to work in a regime of linear signal
response. The excitation power was set as 30 μW. The relative linear polarizations of pump
and probe were set at a magic angle (54.7°).
3.4 Results and Discussion
3.4.1 Photovoltaic Performance
All photovoltaic parameters for PSCs with different DCM concentrations and the reference
device without DCM were summarized in Table 3-1. DCM incorporation with the optimized
concentration of 1.5 mol. % leads to an improvement in Jsc from 20.46 mA/cm2 to 23.34
mA/cm2, Voc from 1.00 to 1.09 V, and FF from 0.72 to 0.75, consequently improving PCE
from 14.45% to 18.61% with respect to the reference devices without DCM. As shown in
Figure 3-2a, all devices show negligible J-V hysteresis. The EQE spectra in Figure 3-2b
show that DCM incorporation enhances the conversion efficiency for the overall absorption
spectra; however, the absorption spectra in Figure 3-2c show negligible change in both
magnitude and Urbach tail for the samples with and without DCM. Particularly, the
perovskite sample with DCM does not show additional absorption from DCM from 400 nm
to 600 nm, which can be clearly seen in the pure DCM thin film (inset in Figure 3-2c).
Therefore, we can rule out the absorption contributions to the improved photovoltaic
performance. Meanwhile, the negligible changes in absorption Urbach tail suggest that DCM
incorporation does not influence the energy disordering associated with the defect states close
to the band-edge. In addition, the AFM topography images in Figure 3-2d suggest negligible
changes in the morphology of perovskite thin films with and without DCM. These studies
indicate that the improved photovoltaic performance upon DCM incorporation does not
originate from the changes in absorption, energy disordering and morphology.
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Table 3-1 Photovoltaic parameters of the optimal PSCs with and without DCM.
DCM concentration

Jsc (mA/cm2)

Voc (V)

FF (%)

PCE (%)

0 mol. %-FW

20.29

1.00

71

14.34

0 mol. %-RV

20.62

1.00

72

14.96

0.5 mol. %-FW

21.18

1.02

72

15.57

0.5 mol. %-RV

21.71

1.02

72

15.86

1.5 mol. %-FW
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Figure 3-2 (a) J-V characteristics of PSCs with the optimized DCM concentration (1.5
mol. %) and the reference cell without DCM; (b) Corresponding EQE; (c) Absorption spectra
of perovskite thin films with and without DCM (1.5 mol. %); inset shows the normalized
absorption spectrum of DCM thin film. (d) Corresponding AFM topography images. The
root mean square (RMS) is determined to be 7.66 nm and 7.22 nm, respectively.
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3.4.2 Optical Study on Charge Recombination
To understand the effect of DCM molecules on the photovoltaic processes in PSCs, we
performed an optical study on charge recombination by using steady-state PL and timeresolved PL measurements. We can see that incorporating DCM molecules into perovskite
bulk results in a giant PL quenching (inset of Figure 3-3a). Generally, there are three
possibilities for interpreting the PL quenching: (1) non-radiative recombination associated
with the deep defect states, (2) charge transfer from perovskite to the additives, such as at the
planar junction of perovskite/PCBM or perovskite/PEDOT:PSS,8,

180

and (3) suppressed

radiative recombination. It should be noted that the first two possibilities would lead to poor
photovoltaic performance due to the loss of photogenerated charge carriers. Therefore, the
giant PL quenching accelerated PL decay dynamics suggest the suppression of charge
recombination upon incorporating DCM.
By further analyzing the PL spectra, we can see two distinctive PL peaks centered at 769
nm and 812 nm for perovskite thin film without DCM (Figure 3-3b, black); whereas the
perovskite thin film with DCM only exhibit one PL peak at 769 nm, which can be attributed
to the free carrier recombination at the band-edge (Figure 3-3b, red). The PL peak centered
at 812 nm is probably due to the radiative recombination of electron-hole pairs localized at
the shallow defect states close to the band-edge as schematically shown in Figure 3-3c. The
disappearing of the PL peak at 812 nm upon DCM incorporation suggests that incorporating
DCM can suppress the recombination not only from free charge carriers at the band edge but
also from the localized electron-hole pairs, leading to more free charge carriers for
photovoltaic actions in PSCs.
Doping engineering has been widely implemented in PSCs, particularly with nonsubstitutional dopants, such as fullerene derivatives (PCBM),80, 193 metal ions (Al3+, Na+, Ag+
and Cu+),108, 194 functionalized graphene (nitrogen-doped),79 organic halides (CH6N3+),77 etc.
It should be noted that these doping methods usually optimize the crystallization process of
perovskites with the consequence of decreasing the energy disordering, suppressing nonradiative recombination, and increasing carrier lifetime. Our studies suggest that introducing
DCM into perovskite bulk offers a different mechanism to improve the photovoltaic
performance of PSCs. However, it is still unclear whether the dipolar molecules function to
suppress the formation of light emitting excitons or facilitate the dissociation of light emitting
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Figure 3-3 (a) Normalized steady-state PL spectra of perovskite thin film with and without
DCM excited by 532 nm CW laser beam; The inset shows the original PL spectra; (b) Two
distinctive PL peaks from the perovskite thin film without DCM; (c) Schematic diagram
illustrates photo-physical processes in perovskite (left) and perovskite with DCM additives
(right): 1. Generation of free charge carriers upon light absorption; 2. Intraband relaxation to
band-edge; 3. Charge trapping due to shallow trap states; 4. Radiative recombination of bandedge charge carriers; 5. Radiative recombination of localized electron-hole pairs; 6. Charge
transport. (d) Time-resolved PL decay plots of perovskite thin films with and without DCM.
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excitons. To answer this question, we further studied the PL lifetime by time-resolved PL
measurements. The results in Figure 3-3d show that the PL lifetime is dramatically reduced
after incorporating DCM molecules. As a result, we suspect that the DCM molecules function
to facilitate the dissociation of light-emitting excitons instead of suppressing the formation
of light-emitting excitons.
3.4.3 Magneto-Photocurrent Study on Electron-Hole Pairs
To confirm whether the highly polar molecules can facilitate the dissociation of light-emitting
exctions, we performed magneto-photocurrent measurements with an external bias for PSCs
with and without DCM. Previously, magneto-photocurrent has been observed in PSCs,
particularly at short-circuit condition,36,

37, 170, 171

which has been used to evaluate how

efficient charge dissociation is in PSCs. Despite the low exciton binding energy, the free
electrons and holes would encounter each other when they are within the capture radius,
leading to the weakly bound electron-hole pairs. These electron-hole pairs would eventually
recombine to emit a photon, namely photoluminescence or re-dissociate into free carriers if
the Coulombic interaction can be overcome. For the reference sample studied here, our recent
study demonstrates that increasing the built-in field through interface engineering can
effectively facilitate the dissociation of electron-hole pairs, leading to negligible magnetophotocurrent at short-circuit condition.170 However, it should be noted that photovoltaic
devices are supposed to work under maximum power point (MMP) condition instead of
short-circuit condition or open-circuit condition. As shown in Figure 3-4a, the reference
sample clearly shows a positive magneto-photocurrent signal when biasing the device at MPP
condition as indicated in Figure 3-4b. On the contrary, the device with DCM does not show
appreciable magneto-photocurrent when biasing the device at MPP condition. This suggests
that the dissociation of electron-hole pairs is dramatically improved in PSCs upon
incorporating DCM, which is consistent with the conclusion based on the optical study.
In order to understand the role of DCM in PSCs, we measured magneto-photocurrent at
different bias from short-circuit condition to the open circuit condition. Figure 3-4c shows
that the reference device without DCM starts to show magneto-photocurrent at relatively low
bias around 0.4 V with the amplitude increasing up to 0.52% at 1.0 V, which can be attributed
to the weakening of built-in field upon forward biasing. However, the devices with DCM
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Figure 3-4 (a) Magneto-photocurrent of PSCs with and without DCM measured by biasing
devices at the maximum power point (MPP) condition. (b) JV characteristics of PSCs excited
by 532 nm CW laser with the intensity generating a photocurrent comparable to that under
one sun illumination. (c) Magneto-photocurrent of PSCs without DCM under different bias
from 0 V to 1.0 V; (d) Magneto-photocurrent of PSCs with DCM (1.5 mol. %) under different
bias from 0 V to 1.1 V. All measurements were performed at fixed excitation intensity. (e)
Schematic diagram illustrates the formation of electron-hole pairs in perovskite crystal (blue
mesh) and field-assisted dissociation of e-h pairs due to the local DCM dipole field.
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does not show magneto-photocurrent signal until biasing devices at open circuit condition,
where the built-in field is completely canceled out by external bias (Figure 3-4d). This
confirms that DCM molecules offer an additional mechanism to facilitate the dissociation of
electron-hole pairs in PSCs in addition to the built-in field. Considering the large dipole
moment of DCM molecules, we proposed that the DCM molecules can induce a local field
to suppress the formation of electron-hole pairs in perovskites as schematically illustrated in
Figure 3-4e. Theoretically, the dipole field is proportional to the magnitude of the electrical
dipole moment. As mentioned above, DCM is a highly polar system with Ɋ ൎ11 D in dark
condition,195 which is much stronger than that of the dipolar cations (MA+, Ɋ ൎ2.3 D)175, 196
in hybrid perovskite. It has been suggested that MA+ functions as liquid crystal to protect the
charge carriers through Coulombic screening effect.82 Essentially, the effect of dipole
molecules induced local field is analogous to the function of device built-in field or MA+,
therefore forming an additional driving force to minimize the energy loss in PSCs.
3.4.4 Transient Absorption Study on Charge Transfer
In order to clarify whether charge transfer happens between perovskite and DCM, we
performed transient absorption (TA) study with the time resolution of 50 fs and over a wide
spectral range from 530 nm to 860 nm for perovskite layer with the optimal DCM
concentration, perovskite without DCM and bare DCM film. All samples were pumped at
400 nm. From Figure 3-5a and b, we can see that the TA spectra of the perovskite with DCM
shows similar features with that of the reference sample. Within the first 500 fs, the TA
spectra present a dominant negative band from 700 nm to 760 nm due to ground state
bleaching (GSB), and a narrow positive band from 740 nm to 800 nm due to photoinduced
absorption (PIA1). After 500 fs, the negative band remains, but the narrow positive band
(PIA1) is disappeared with a broad positive band showing up from 550 nm to 700 nm (PIA2).
It should be noted that the TA spectra of the perovskite sample with DCM does not show
detectable features as that of the bare DCM thin film (Figure 3-5c), which shows a positive
band from 500 nm to 600 nm due to excited-state absorption (ESA) and a negative band from
600 nm to 700 nm due to stimulated Emission (SE). The TA features of the three samples
confirm that there is no charge transfer from perovskite to DCM.
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Figure 3-5 Transient absorption spectra for (a) perovskite without DCM, (b) perovskite with
DCM and (c) pristine DCM thin film. (d) Kinetics of photoinduced absorption at 770 nm.

Table 3-2 Time constants derived from the kinetics of TA spectra for perovskite thin film with
and without DCM. ߬ଵ and ߬ଶ are associated with hot exciton cooling and exciton
dissociation.
߬ଵ /fs

߬ଶ /fs

Without DCM

140

500

With DCM

160

470
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Meanwhile, the quantitative analysis on the Kinetics of PIA at 770 nm (Figure 3-5d)
provides two time constants in femtoseconds (Table 3-2): the shorter one ߬ଵ is in 160 fs and
140 fs for perovskite thin films with and without DCM, respectively; while the relative longer
one ߬ଶ is in 470 fs and 500 fs for perovskite thin films with and without DCM, respectively.
Particularly, the later one has been assigned to the exciton dissociation time.22, 162 Therefore,
we can conclude that the presence of DCM does not influence the early photo-physical
processes, particularly for exciton dissociation.
3.5 Summary
In summary, our study provides the first-hand demonstration of dipole field effect on
photovoltaic actions in PSCs by adding highly polar DCM molecules. Such highly polar
molecule additives can induce strong local electrical field to facilitate the dissociation of
electron-hole pairs, consequently suppresses radiative recombination from both free charge
carriers and localized electron-hole pairs. Charge transfer between perovskite and DCM
molecules is excluded out based on transient absorption study. Clearly, our work not only
reports the experimental demonstration of dipole effects on the key photovoltaic processes in
PSCs but also provides a facile route to minimize energy loss due to the formation of e-h
pairs, radiative recombination and non-radiative recombination towards further advancement
in photovoltaic efficiency of PSCs.
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Chapter 4 Interfacial Ionic Polarization Effects:
Formation of P-I-N Junction across
Methylammonium Lead Triiodide Perovskite
Single Crystals via Metal/Ion Interaction
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4.1 Abstract
The investigation of ions and ionic defects is currently one of the most important issues in
the research community of hybrid perovskites. Particularly, MAPbI3 is known as an
ambipolar semiconductor due to the low formation energies of both donor dopants and
acceptor dopants, which are essentially ionic defects. In this chapter, we demonstrate an
interfacial ionic polarization due to metal/ion interaction by studying MAPbI3 single crystal
in contact with different metals, e.g. gold (Au) and silver (Ag), based on an abnormal
interface dependent Seebeck effect and time-of-flight secondary ion mass spectrometry
(TOF-SIMS) studies. More specifically, TOF-SIMS provides the first demonstration of an
interaction between Au and organic cations (MA+) at Au/single crystal interface. Meanwhile,
Ag is shown to react with iodine ions (I-). These metal/ion interactions form interfacial ionic
polarization, which essentially modifies the surface electronic structure of MAPbI3 single
crystal by generating n-type doped and p-type doped regions with different ionic dopants
formed due to metal/ion interaction. This suggests the formation of a p-i-n junction cross a
single crystal, which is expected to direct the future design of optoelectronic devices based
on perovskite single crystals. This chapter is prepared based on an article published by Ting
Wu, Rupam Mukherjee, Olga S. Ovchinnikova, Liam Collins, Mahshid Ahmadi, Wei Lu,
Nam-Goo Kang, Jimmy W. Mays, Stephen Jesse, David Mandrus, Bin Hu, Journal of the
American Chemical Society 2017, DOI: 10.1021/jacs.7b10416.
4.2 Introduction
Organic-inorganic hybrid perovskites have demonstrated remarkable multifunctionality in
photovoltaics,2,

5-7, 9

light-emitting diodes,12,

16-18, 197, 198

radiation detectors,28,

31, 199-203

optically-pumped lasers,13, 20, 21, 24 thermoelectrics,93, 204, 205 and spintronics.36, 37, 206, 207 In the
past few years, the research on hybrid perovskites has made tremendous achievements,
particularly for the solution-processable polycrystalline thin film. Within the recent two years,
hybrid perovskite single crystals (SCs) have emerged with more promising intrinsic
properties, such as extremely low trap density, long carrier lifetime and diffusion length.39, 4143, 45, 91, 92

Particularly, the hybrid perovskite SCs, such as MAPbI3, MAPbBr3, and FAPbI3,

have attracted extensive interests for the applications in photodetection,28, 31 and high-energy
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radiation (x-ray, γ-ray) detection199-203 due to the large charge-carrier mobility-lifetime (ߤ߬)
product benefiting from the small effective mass of electrons and low trap density, the low
thermal noise arising from the proper optical bandgap, and high absorption cross-section
owing to the presence of high-Z elements (lead, and iodine).28, 31, 199-203
Despite these remarkable advances in device development, knowledge of the
fundamental properties is still lacking towards further advancing the device performance and
pursuing the long-term stability. As introduced in Section 1.1.3.2, hybrid perovskites possess
dual electronic and ionic conducting properties.94, 95, 97, 101 The latter is owing to the low
migration activation energies of the ions, such as iodine vacancies (VI) /interstitials (Ii), and
organic cations (MA+).94, 97, 101 Owing to the ionic conducting character, early studies have
revealed switchable photovoltaic effect in hybrid perovskites with an Au/perovskite/Au (or
PEDOT:PSS) configurations by applying electrical poling.102, 208 Besides, the organic cations
also exhibit orientational/rotational freedom, which is accountable for the large dielectric
constants51, 164 and potential ferroelectricity.71, 122, 125 However, the activity of ions in hybrid
perovskites also causes big concerns to the long-term stability of perovskite optoelectronics,
particularly for devices operating under large external bias (such as detectors and lightemitting diodes). It has been shown that the metal contacts, such as Al and Ag, can be
corroded by the iodine ions (I-) or its interstadials from perovskite itself through grain
boundary dominant ion migration, even under inert or vacuum conditions, leading to selfdegradation of device performance.104, 172, 209 This leads most researchers to rely on the
expensive Au electrodes for device design, especially for single crystal devices. However, it
remains unclear how metal/perovskite interactions would influence the electronic structure
of perovskite itself and the key electronic processes in perovskite devices.
4.3 Materials and Methods
4.3.1 Materials
Methylamine (CH3NH2) (40% w/w aq. soln.), lead (II) acetate trihydrate (99%) and
Hydriodic acid (HI, 57% w/w aq. soln., stab with 1.5% hypophosphorous acid) were
purchased from Alfa Aesar. Diethyl either was purchased from Sigma Aldrich.
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4.3.2 Single Crystal Growth and Device Fabrication
The MAPbI3 single crystals were prepared by solution-based growth method as schematically
shown in Figure 4-1a. Firstly, 20 mL HI was added to a 40 mL-amber vial with 5.97 g
methylamine drop by drop; this mixture solution was kept in an ice bath with heavily stirring
for 1 hr. Meanwhile, lead(II) acetate trihydrate (29.3 g) was fully dissolved in 100 ml HI by
heating in an oil bath at 100 Ԩ to obtain a clear yellowish solution. Secondly, the
methylamine/HI solution was slowly added to the lead-contained solution to prepare a
precursor solution, which stirred at 100 Ԩ for 1 hr and then kept at 75 Ԩ over-night
without stirring. A large number of crystal seeds were precipitated out at 75 Ԩ, while the
clear yellowish solution was supersaturated precursor solution for single crystal growth. For
large single crystal growth, the precursor solution was transferred into several 20 mL-vials,
which were kept in an oil bath on top of a digital hot plate with a temperature program shown
in Figure 4-1b. When the growth cycle completed, the crystals were carefully taken out from
the solution, dried with Kim wipes to gain mirror-like surfaces, and then rinsed with diethyl
ether for at least three times and vacuum dried at room temperature.

Figure 4-1 (a) Schematic diagram of MAPbI3 single crystal growth; (b) Temperature
program for single crystal growth; (c) Image of a MAPbI3 single crystal. (d) Schematic
diagram of MAPbI3 single crystal device.
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Single crystals with the average size of 2ൈ2ൈ1.5 mm were selected for the present work.
The (100) facets of the single crystals were then carefully polished by grinding paper (3M
2500) on Struer Roto. As shown in Figure 4-1c and d, the devices were prepared by
depositing metal contacts, such as Au (70 nm) or Ag (100 nm) on the polished (100) facets
by thermal evaporation under the vacuum of 7×10-7 Torr. Samples with the structure of
Au/SC/Ag and Ag/SC/Ag were studied for this work.
4.3.3 Single Crystal Characterizations
Space charge limit current measurement (SCLC): SCLC measurements were conducted to
characterize the trap density of as-grown single crystals by measuring J-V characteristics in
dark condition. Measurements were performed by Keithley 2612 in the nitrogen filled glove
box. In general, the dark J-V characteristics can be divided into three regimes: (i) ohmic
regime, where ܸ ן ܬ, (ii) trap-filled limit (TFL) regime, where ܸ ן ܬவଷ , and (iii) trap-free
Child`s regime, where  ܸ ן ܬୀଶ. The onset voltage of TFL regime (VTFL) can be used to
determine the trap states density (݊௧ ), which is given by:
݊௧ ൌ
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where ߝ is the vacuum permittivity, ߝ is the relative dielectric constant of MAPbI3
(ߝ =3239),  ݍis the elementary charge, and d is the thickness of crystal. The hole-trap density
and electron-trap density can be separately characterized by measuring the hole-injection
devices (Au/SC/Au) and the electron-injection devices (Ag/C60:PCBM/SC/C60:PCBM/Ag),
respectively.
Hall effect measurement: Temperature-dependent Hall Effect was measured using PPMS
(Quantum Design, Inc.) to study the type of majority carriers and the carrier density in dark
condition.
4.3.4 Seebeck Effect Measurement
Seebeck effect, as one of the well-known thermoelectric effects, has also been used to study
the type of semiconductors. Essentially, Seebeck effect originates from charge diffusion
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driven by entropy difference caused by temperature gradient or difference. A parameter called
Seebeck coefficient is given by:
ο
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where οܸ represents the potential difference between the low-temperature (LT) terminal
and high-temperature (HT) terminal; and οܶ is the temperature difference between the LT
terminal and HT terminal. The sign of Ƚሺܶሻ suggests the type of semiconductors. More
specifically, p-type (n-type) semiconductors normally develop positive (negative) Seebeck
effect due to hole-dominant (electron-dominant) diffusion.
In this work, Seebeck effect measurements were performed in dark condition and
nitrogen environment with variable temperatures from 296 K to 355 K. The measurement
setup is schematically shown in Figure 4-2. The single crystal samples (Au/SC/Ag or
Ag1/SC/Ag2) were sandwiched between two ITO glass substrates with silver paste. Two
ceramic heaters (HT24S, ThorLabs) were attached to two ITO substrates, generating a
controllable temperature difference ranging from -4 K to 4 K between the two contact
surfaces using the DC power supply. This design is convenient to reverse the temperature
difference. K-type thermocouple wires were used to measure the temperatures of the two
contact surfaces by the Analog/Digital input/output system (model 100, from InstruNet)
combined with DASYLab 11.0. Simultaneously, two copper wires were glued on the ITO
substrates to measure the potential difference between the LT and HT terminals using
Keithley 2400.

Figure 4-2 Schematic diagram of the measurement setup for Seebeck effect measurement on
metal/crystal/metal samples.
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4.2.5 Time-of-Flight Secondary Ion Mass Spectrometry
Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a surface sensitive analytical
method. The data was acquired by TOF-SIMS.5 (Ion-Tof, Munster, Germany) using a 30 keV
Bi ion gun as the primary gun with a focused ion beam spot size of ~ 5 μm, and a m/Δm
resolution of ~11,000. The images were collected with a spatial resolution of 256ൈ256 points
across a 500 μm imaging area. Depth profiling of the sample was carried out using a Cs
sputtering source operated at 1 keV and 65 nA; sputtering for 3 s per slice over a 600 μm
total area. The sputtered compounds or fragments are then accelerated into a flight path on
their way towards a mass detector system. The depth profiling data was reconstructed from
450 s of total sputtering time. All experiments were performed in positive ion mode with
iodine forming [Cs2I]+ clusters.
4.4 Results and Discussion
4.4.1 General Single Crystal Characterizations
For the as-grown single crystals, the trap density is determined to be on the order of ͳͲଽ̱ଵ
cm-3 based on SCLC method. The electron-trap density is about one order of magnitude
higher than hole-trap density as shown in Figure 4-3a and b. Temperature-dependent Hall
Effect study in Figure 4-3c indicates that our single crystals are slightly n-type doped with
carrier density on the order of 1010~11 cm-3, which is close to its intrinsic carrier density (109
cm-3).210 The n-type character is in good agreement with the relatively larger density of
electron trap states, which can essentially function as donor dopants for hybrid perovskites.
In the published works, both n-type41, 91 and p-type39, 43 MAPbI3 single crystals have been
reported, suggesting that the type of majority charge carriers in MAPbI3 single crystals
strongly depends on the preparation conditions. In our studies, the temperature window
remains below 360 K to ensure good data reproducibility. According to thermogravimetric
analysis in Figure 4-3d, MAPbI3 single crystals exhibit an excellent thermal stability in air
with negligible weight loss (less than 0.1%) within the temperature window (296 K~360 K).
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Figure 4-3 Characterization of trap density of as-grown single crystals based on SCLC
method: (a) hole-only device and (b) electron-only device. (c) Temperature-dependent Hall
coefficient (RH) and carrier density (n) of an as-grown single crystal measured by PPMS
system; (d) Thermogravimetric analysis (TGA) of the thermal stability of an as-grown single
crystal with air condition from room temperature to 1100 K. The shadow area indicates the
temperature window for Seebeck effect and Hall effect measurements.
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4.4.2 Interfacial Polarization
Interestingly, by performing Seebeck effect studies, we observed an appreciable potential
difference (οοୀ ) in the Au/SC/Ag samples when the temperature difference is absent
(ο ൌ Ͳ). Figure 4-4a presents temperature-dependent οοୀ for an Au/SC/Ag sample.
Unexpectedly, a large positive potential difference at room temperature (296 K),
οοୀ ሺʹͻሻ=41 mV is detected in the Au/SC/Ag sample, where οοୀ =୳ െ  .
As a reference, the Ag1/SC/Ag2 sample shows negligible amplitude in οοୀ at room
temperature (Figure 4-4b). The unexpected amplitude of οοୀ at room temperature in
the Au/SC/Ag samples can be detected in the as-grown crystals (οοୀ =45േͶ mV),
polished crystals (οοୀ =39േ͵ mV), as well as the chemically etched crystals with
isopropanol (30േʹ mV), therefore being confirmed as an intrinsic effect in the Au/SC/Ag
samples rather than surface contamination. More specifically, the amplitude of οοୀ
shows to gradually decrease as the temperature increases in the Au/SC/Ag samples, but
remains almost constant in the Ag1/SC/Ag2 sample. This suggests the presence of an
interfacial polarization at the Au/SC interface.
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Figure 4-4 Interfacial polarization at Au/SC interface. Temperature-dependent potential
difference (ο) measured without temperature difference (ο ൎ0 K) for (a) Au/SC/Ag
sample and (b) Ag1/SC/Ag2 sample. ο=୳ െ  for the Au/SC/Ag sample.
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4.4.3 Anomalous Interface Dependent Seebeck Effect
More interestingly, we observed an anomalous interface-dependent positive and negative
Seebeck effects from the slightly n-type doped single crystal with asymmetric metal contacts
(Au/SC/Ag). Seebeck effect is a well-known thermoelectric effect that generates electrical
potential difference (∆V) or thermovoltage () with the presence of a temperature difference
(∆T). Essentially, Seebeck effect originates from the diffusion of majority charge carriers
(electrons or holes) driven by the entropy difference caused by ∆T. In general,
positive/negative Seebeck effect can be developed by the hole/electron dominant diffusion
from the high-temperature (HT) terminal to the low-temperature (LT) terminal. For this
measurement, a temperature difference ranging from -4 K to +4 K was established between
the two contacts; simultaneously, the potential difference was monitored and recorded when
the signal becomes stabilized. Figure 4-5a and b present ∆V as a function of ∆T for both
Au/SC/Ag and Ag1/SC/Ag2 samples at T≈313 K (averaged between two contacts). We can
see that the absolute value of ∆V for the two samples exhibits a linear dependence on ∆T.
The linear fit to the data can determine Seebeck coefficient (Ƚ), which is defined by Ƚ =  /∆T, where  ൌ οοஷ െ οοୀ . For the Ag1/SC/Ag2 sample, Ƚ313 K is determined
to be -0.23 mV/K and -0.47 mV/K for the Ag1/SC/Ag2 sample when Ag1/SC and Ag2/SC
surfaces are used as HT terminal, respectively. Surprisingly, the Au/SC/Ag sample gives a
negative Ƚ313 K (-6.87 mV/K) and a positive Ƚ313 K (+4.61 mV/K) when Au/SC and Ag/SC
surfaces are used as HT terminal, respectively. The linear relationship between ∆V and ∆T
suggests that the observed interface dependent Seebeck effect for the Au/SC/Ag samples is
true Seebeck effect. The underlying mechanism may be associated with the local variation of
electronic structure.
We should note that the measured electrical potential across the two metal contacts in
the Au/SC/Ag sample includes (i) thermovoltage due to Seebeck effect through charge
diffusion driven by temperature difference, and (ii) surface potential due to interface
polarization associated with the Au/SC surface. To obtain the true Seebeck effect in the
Au/SC/Ag samples, the interface polarization should be excluded. Particularly,
thermovoltage can be determined by the difference between the potential difference measured
when the 'T z 0 K and the potential difference measured when the 'T = 0 K. Figure 4-5c
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Figure 4-5 Anomalous interface dependent Seebeck effects. Potential difference as a
function of temperature difference for (a) Au/SC/Ag sample and (b) Ag1/SC/Ag2 sample at
313 K. (c) Temperature-dependent Seebeck coefficient (Ƚ) for the Au/SC/Ag sample when
using Au/SC and Ag/SC surfaces as HT terminal, respectively. The reported Ƚ from
reference91,

204

are also plotted for comparison. (d) Temperature-dependent Ƚ for the
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presents the temperature-dependent Seebeck coefficients for an Au/SC/Ag sample. We can
see that using Au/SC surface as HT terminal generates negative Seebeck effect (Ƚ300K= -1.23
mV/K, and Ƚ355K= -15.03 mV/K); conversely, using Ag/SC surface as HT terminal gives
positive Seebeck effect (Ƚ300K= +0.92 mV/K, and Ƚ355K= +11.89 mV/K). The giant Seebeck
coefficients are in the same order (mV/K) with the reported values,91, 204 as labeled in Figure
4-5c. As a reference, the Ag1/SC/Ag2 sample only shows negative Seebeck effect (Ƚ300K= 0.58 mV/K, and Ƚ355K= -1.4 mV/K, in Figure 4-5d). Essentially, the amplitude of |Ƚ | is
determined by T, n, and the density of states (DOS) near the Fermi level (ܧி ), as shown in
the Mott expression:211
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represents DOS near the Fermi energy.

Figure 4-6 presents temperature-dependent carrier density for the two types of samples. We
can see that n is reduced by almost one order of magnitude in the Au/SC/Ag sample with
respect to the Ag1/SC/Ag2 sample, which is consistent with the larger |Ƚ | in the Au/SC/Ag
sample. This suggests that the metal contacts can influence the semiconducting properties of
MAPbI3.

n (cm-3)

1013
Ag1/SC/Ag2
12

10

1011

Au/SC/Ag

315

330
345
T (K)

360

Figure 4-6 Temperature-dependent carrier density (n) for an Au/SC/Ag sample and an
Ag1/SC/Ag2 sample.
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4.4.4 TOF-SIMS Investigation on Metal/Ion Interactions
To understand the origins of the anomalous Seebeck effect and interfacial polarization
observed for Au/SC/Ag samples, we further investigated the Au/SC and Ag/SC interface by
TOF-SIMS with both 2D imaging and 3D profiling of the ionic, molecular and elemental
species present at the metal/crystal interface. The measurement geometry is schematically
shown in Figure 4-7a. Specifically, a crystal partially covered by Au layer was sputtered by
1 keV Cs+ ion beam with the focus on the area right across the boundary between Au-covered
and uncovered crystal surfaces (indicated in Figure 4-7b). The sputtering process allowed
for a ~5 nm per slice removal of the metal layer. MAPbI3 is known to be composed of three
types of ions, organic cations (MA+ or CH3NH3+), lead cations (Pb2+) and iodine anions (I-).
By monitoring the MA+ or CH3NH3+, Pb+, [Cs2I]+, [CsAu]+ or [CsAg]+, we were able to
detect the ions that would be generated from the metal layer, the crystal, as well as their
interfacial region. Interestingly, for the Au/SC sample, after the Au is sputtered away, several
gold complexes, such as [Au(NH2CH3)]+, [AuN]+, and [Au(C2NH7)]+ are emitted only from
the area originally covered by the Au layer (Figure 4-7c~e). Note that the notation of the
emitted ions or ion clusters just represent the most likely elementary composition rather than
the exactly chemical formula. From the constructed 3D profiling through metal/crystal
interface in Figure 4-7f, it is clear to see a layer of [Au(NH2CH3)]+ (red area) right
underneath the Au surface. Therefore, the TOF-SIMS analysis provides a clear evidence of
the interactions between Au atoms and MA+ ions in MAPbI3. Such Au/MA+ interactions can
be essentially attributed to the coordination complexes, or metal complexes, which consist of
a center metal and organic ligands based on Lewis base theory.212 Although Au is known to
be one of the least reactive chemical elements, both theoretical and experimental studies have
demonstrated the interactions between Au nanoparticles with DNA through amines, forming
gold complexes.213, 214 It should be noted that the coordination complexes can be neutral or
charged. The positive sign of οοୀ in Au/SC/Ag samples at room temperature suggests
that Au/SC interface forms positively charged coordination complexes, namely complex
cations. The temperature dependence of ∆V in Au/SC/Ag sample without ∆T (Figure 4-5a)
suggests that increasing temperature can weaken the interactions between Au atom and MA+.
Meanwhile, by cooling to room temperature for 1 hr, ∆V can recover to the same amplitude
with a variation within 2 mV.
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Figure 4-7 TOF-SIMS investigation of metal/ion interactions at metal/crystal interface. (a)
Schematic diagram of TOF-SIMS measurement. (b~e) TOF-SIMS mapping of the emitted
ions or ion clusters from the crystal partially covered by Au layer. 3D profiling of the emitted
ions or ion clusters from Au/crystal sample (f) and Ag/crystal sample (g,h).
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For the Ag/SC interface, the TOF-SIMS analysis did not detect coordination
metal/organic complexes. Instead, from the 3D profiling, we can see a slightly overlapped
area with [CsAg]+ and MA+ (Figure 4-7g) and a largely overlapped area with [CsAg]+ and
[Cs2I]+ (Figure 4-7h). The former can be attributed to the penetration of Ag atoms into the
crystal, while the latter suggests the migration of I- into Ag contact, which can form neutral
compound AgI. Clearly, our TOF-SIMS analysis provides an important understanding of the
metal/ion interactions in hybrid perovskites.
4.4.5 Metal/Ion Interaction induced p-i-n Junction
To understand how metal/ion interaction influences the local electronic structure and
interface dependent Seebeck effect, we combined the theoretical understanding of defects in
MAPbI3 and our experimental studies as schematically shown in Figure 4-8. As introduced
in Section 1.1.3.1, MAPbI3 can be unintentionally doped by their intrinsic defects due to their
low formation energy, such as vacancies (VI, VMA and VPb) and interstitials (Ii, MAi and
Pbi).88, 89 More specifically, the positively charged ions/defects (VI, MAi and Pbi) can create
shallow energy levels near the conduction band minimum (CBM), acting as donor dopants.
On the contrary, the negatively charged ions/defects (Ii, VMA and VPb) can form energy levels
near the valence band maximum (VBM), functioning as acceptor dopants. Most importantly,
both theoretical calculation and experimental studies have demonstrated low activation
energies for the migration of I- (0.1~0.6 eV) and MA+ (0.46-0.84 eV) in MAPbI3.94, 97, 100, 101
Owing to the low activation energies of ion migration, iodine ions or interstitials can readily
diffuse towards the Ag contact, forming iodine vacancies (VI) near Ag/SC interface (Figure
4-8a). Since VI acts as acceptors, the VI-rich region becomes n-type doped near Ag/SC
interface (Figure 4-8b). The enhanced n-type doping near the Ag/SC interface is consistent
with the higher carrier density and lower |α| in Ag1/SC/Ag2 sample as compared to Au/SC/Ag
samples (Figure 4-5c and d). For the Ag1/SC/Ag2 sample, when the Ag1/SC and Ag2/SC
sides are alternatively used as HT terminal, the difference in the amplitude of α reflects that
the doping concentration is different probably due to the sequential deposition procedure.
Meanwhile, the interaction between Au atoms and MA+ cations is expected to diffuse MA+
cations towards Au contacts, forming MA+ vacancies (VMA)-rich region near Au/SC interface
as sh73

Figure 4-8 Schematic diagram of (a) metal/ion interactions at metal/MAPbI3 interfaces, (b)
metal/ion interactions induced p-i-n junction across a MAPbI3 single crystal, (c) Dark current
density-electrical field (J-E) characteristics of Au/SC/Ag sample; (d) Diagram of negative
Seebeck effect due to electron-dominant diffusion, (e) Diagram of positive Seebeck effect
due to hole-dominant diffusion assisted by built-in field caused by the p-i-n junction.
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own in Figure 4-8a. This can lead to a p-type doped zone near the Au/SC interface. While
the crystal bulk remains intrinsic with slightly n-type characteristics (Figure 4-8b). As a
result, a p-i-n junction can be established across the crystal in the Au/SC/Ag samples due to
the metal/ion interactions at the Au/SC and Ag/SC interfaces. The hypothesis of the p-i-n
junction in the Au/SC/Ag sample can be supported by the dark current-voltage characteristics
which show a diode behavior with rectifying property (Figure 4-8c).
The p-i-n junction established in the Au/SC/Ag sample well explains the interfacedependent Seebeck effect by taking account of the built-in field pointing from Ag/SC
interface towards Au/SC interface. As schematically shown in Figure 4-8d, when the Au/SC
side is used as HT terminal, the electron diffusion should be dominant since hole diffusion
would be suppressed by the built-in field, leading to the negative Seebeck effect. On contrast,
when the Ag/SC side is used as HT terminal, the hole diffusion towards Au/SC interface
would become dominant since the built-in field would assist hole diffusion but hinders
electron diffusion, consequently generating a positive Seebeck effect (Figure 4-8e).
4.5 Summary
This chapter reports the interfacial ionic polarization caused by metal/ion interactions. Our
studies demonstrate that metal/ion interaction can selectively drive ions migration towards
specific metal contacts without using electrical bias or photoexcitation, leading to selective
doping at crystal surface. More specifically, In a simple Au/SC/Ag geometry, the interaction
between Au and MA+ has been demonstrated to form VMA-rich region, leading to a p-doped
region near Au/SC interface, while the migration of I- towards Ag leads to VI-rich region,
which forms n-doped region near Ag/SC interface. As a result, a p-i-n junction is established
across the MAPbI3 crystal. Our studies provide a new insight into the ions and ionic defects
in hybrid perovskites and demonstrate the importance of controlling the metal/ion
interactions for the interface engineering in the rational design of perovskite optoelectronic
devices.
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Chapter 5 Spin Effects on Photovoltaic Actions:
Spin-Orbit Coupling Induced Spin Mixing for
High-Efficiency Perovskite Solar Cells
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5.1 Abstract
Hybrid perovskites have demonstrated interesting spin properties for generating magnetooptical effects in excited states, magneto-dielectric effects in ground states and Rashba effects.
However, it remains unclear on how spin impacts the photovoltaic actions in perovskite solar
cells. In this chapter, we explore the spin effects on photovoltaic actions, particularly
photocurrent, in MAPbI3(Cl) solar cells by both optical operation under circularly polarized
photoexcitation and magneto-optical measurements. Meanwhile, MAPbI3 single crystal
devices were investigated for comparison to understand the role of the nanostructure. The
two types of systems show that optically switching photoexcitation from linear light to
circular light can enhance photocurrent, leading to the spin-dependent photocurrent. This
study suggests that (i) spin-triplets are favorable for photovoltaic actions due to forbidden
recombination based on Pauli Exclusion Principle; (ii) nanostructure provides additional
SOC to enhance spin mixing for generating more spin-triplets; and (iii) spin lifetime is
comparable to exciton dissociation time, which opens up a new opportunity to control the
key photovoltaic processes by manipulating spin parameters in perovskite optoelectronic
devices.
5.2 Introduction
Spin states and their effects on photovoltaic performance have been widely studied in organic
solar cells, particularly for charge-transfer states at donor:acceptor interface, towards
obtaining in-depth understanding of the energy loss mechanism. Hybrid perovskites, as
emerging semiconductors for photovoltaic1-8 and light-emitting applications,11-18 have
demonstrated three interesting spin effects, including magneto-optical effects in excited
states,36, 37 magneto-dielectric effects in ground states,215 and Rashba effects.74, 153, 154, 216, 217
These observations bring out two open questions: (i) How does spin impact the photovoltaic
actions? (ii) Is it possible to control the photovoltaic actions by manipulating spin properties?
The theoretical modeling has shown that hybrid perovskites exhibit non-degenerate spin
states for potential applications in spin electronics.35, 154 Particularly, for the organic-lead (Pb)
halide (I or Br) perovskites, the conduction band (CB) mainly stems from the Pb-p orbitals,
while the valence band (VB) is originated from the hybridized anti-bonding state between
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Pb-s and halide-p orbitals, which retains the s symmetry.123 With the strong spin-orbit
coupling (SOC) due to the heavy elements, the CB (orbital angular momentum L=1) splits
into upper J=3/2 band and lower J=1/2 band at CB edge (J is total angular momentum); on
the contrary, SOC is ineffective on the VB (L=0), leading to a single S=1/2 band.35, 123, 154, 218
Furthermore, experimental studies based on angle-resolved photoelectron spectroscopy have
demonstrated a giant Rashba splitting of VB maximum (VBM) in MAPbBr3 single crystal,
as well as the circular dichroism, which is also the consequence of SOC.217 The presence of
these non-degenerate spin states opens up the opportunity to optically operate the spin states
in hybrid perovskites towards manipulating the key optoelectronic processes. This chapter is
focused on exploring the spin effects on photovoltaic actions in both nanostructured PSCs
and single crystal devices through (i) optical operation via circularly polarized
photoexcitation and (ii) magneto-photocurrent measurements.
5.3 Materials and Methods
5.3.1 Preparation of Nanostructured PSCs
The nanostructured PSCs were fabricated by the same method described in Section 2.3.2.
The photovoltaic performance is shown in Figure 5-1. The averaged grain size is on the order
of ~100 nm as shown in Figure 2-9 in Chapter 2.
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Figure 5-1 Photovoltaic performance of PSCs made from (a) MAPbI3(Cl) and (b) MAPbI3.
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5.3.2 Preparation of Single Crystal Devices
In order to compare with the nanostructured PSCs, we also studied MAPbI3 single crystals
which were grown by the same method as described in Section 4.3.2. Sub-centimeter crystals
with mirror-like surfaces were selected for this work (Figure 5-2a). The devices for single
crystal sample were prepared with a lateral geometry of Au(100 nm)/crystal/C60(40
nm)/BCP(8 nm)/Ag(100 nm), in which C60 and BCP were used to improve electron
extraction (Figure 5-2b). All layers were thermally evaporated on top of the (100) plane of
a crystal with the electrodes separated by 1000 Ɋ. The samples were mounted on top of a
home-built stage for connecting with an electrometer.

Figure 5-2 (a) Image of MAPbI3 single crystal with (100) plane labeled on the crystal. (b)
Schematic diagram of single crystal devices.

5.3.3 Optical Operation of Spin States by Linear/Circular Light
The spin effects on photovoltaic actions were studied by optical operation of switchable
circular/linear light. The experimental setup is schematically shown in Figure 5-3a.
Specifically, a linearly polarized 532 nm CW laser beam was first passed through a quarter
wave plate (WP) to change the polarization of incident light between linear light and circular
light. The produced light finally incidents on the sample plane perpendicularly. Theoretically,
when the incident light is perpendicular to the sample plane, the reflectivity is irrelevant to
the polarization direction of incident light according to Fresnel’s equations. In our
measurement, the reflectivity of linear polarized light with any polarization direction is the
same, i.e.
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Where ȁ ۧ is the state of linear polarized light with arbitrary direction, and R is the
reflective coefficient. Circular polarized light can be treated as the combination of two
orthogonal linear polarized light.
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Where x and y are two direction perpendicular to each other, and ଶ  ଶ ൌ ͳ (light
intensity is the same for both linear and circular light). So the reflective coefficient Rcircular of
circularly polarized light can be described by
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This analysis turns out that the reflective coefficient for both linear and circular polarized
light is the same in our setup. Meanwhile, we also calculate the reflective coefficients of
linear excitation and circular excitation and changes in absorption (οA=

ሺ௨ሻିሺሻ
ሺሻ

)

at different incident angle (ߠ, defined in Figure 5-3b) as shown in Figure 5-3c. It is clear
that, when the incident light is not perpendicular to the sample plane (or ߠ ് Ͳι), Rcircular is
larger than Rlinear. In this scenario, the absorption would be weakened when switching
photoexcitation polarization from linear light to circular light, which is expected to decrease
Jsc. This is not case in our studies in Section 5.4.2. Furthermore, a commercialized silicon
photodiode (S1133, peak sensitivity wavelength at 560 nm, sensitivity of 0.3 A/W) was tested
at the beginning and the end of our measurements as control experiments. As shown in
Figure 5-3d, it is clear that switching photoexcitation polarization does not generate
appreciable changes in Jsc for the silicon photodiode. The -0.03% changes in Jsc is in good
agreement with the calculation, but exhibit an opposite sign to that observed in perovskite
samples. Therefore, we can draw a conclusion that the changes in Jsc upon switching
photoexcitation polarizations in perovskite devices are not caused by experimental error.
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Figure 5-3 (a) Experimental setup for exploring the spin effect on photovoltaic actions by
optical operation via switchable linear/circular lights. (b) Schematic diagram showing light
reflection on the sample, where the incident angle is defined as the angle between incident
light and the normal of the surface within the incident plane. (c) Calculated reflection
coefficient (R) for linear, circular light and absorption change (οA) of MAPbI3 excited at 532
nm. (d) Control experiments conducted on a silicon photodiode.

5.3.4 Magneto-Optical Measurement
Magneto-photocurrent measurement was performed to study SOC for both nanostructured
PSCs and single crystal devices. The experimental details are shown in Section 3.2.6. To
evaluate the strength of SOC, we studied the line-shape of magneto-photocurrent by using
Lorentzian curve fitting:
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where B is the applied magnetic field, B0 is the internal magnetic parameter, such as SOC or
HFI; ܬሺͲሻ is photocurrent measured without B; and οܬሺܤሻis photocurrent change after
applying B with respect to J(0).
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5.4 Results and Discussion
5.4.1 Theoretical Analysis
Figure 5-4 presents the optical transitions, particularly interband excitation and emission,
and the involved spin states generated by circular and linear photoexcitation in hybrid
perovskites. In general, photoexcitation initially generates excitons or bound electron-hole
pairs upon interband excitation. The wavefunction of the electron-hole pairs can be described
by ߰ ߰ೞ ೞ , where ݉ can be -1, 0 and +1 for hybrid perovskites; ݉௦ can be =+1/2
and -1/2 due to the two spin configurations of a single charge carrier, spin up (՛) and spin
down (՝). Theoretically, the right-hand (ߪ ା ) and left-hand (ߪ ି ) circularly polarized photons
can transfer their momentum to the orbital momentum of charge carriers, leading spin
polarized singlets ߰ୀାଵ ߰՛՝ and ߰ୀିଵ ߰՛՝ , respectively (Figure 5-4a and b). While
the linearly polarized photoexcitation, equivalent to the combination of 50% ߪ ା and 50%
ߪ ି excitations, initially generates equally populated ߰ୀାଵ ߰՛՝ and ߰ ୀିଵ ߰՛՝
states (Figure 5-4c). With the presence of strong SOC, these spin-singles will inevitably
undergo spin mixing through spin-flipping, consequently being converted to spin-triplet
states ߰ୀേଵ ߰՝՝ (Figure 5-4d). We should note that SOC is the major driving force for
spin mixing in hybrid perovskites due to the weak HFI.37 Most importantly, it should be noted
that the circular polarization can generate stronger orbital momentum ( ݉ ൌ ͳ for
ߪ ା  polarization, and ݉ ൌ െͳ for ߪ ି polarization, Figure 5-4e) than the linear
polarization (݉ ൌ േͳ, Figure 5-4f). Therefore, we can expect that the circularly polarized
photoexcitation can generate more spin-triplet states due to stronger spin mixing with respect
to the linearly polarized photoexcitation. If the spin lifetime ( ߬௦ ) is comparable to the
dissociation time, switching the photoexcitation between linear polarization and circular
polarization is expected to generate different photovoltaic performance due to the different
dissociation/recombination rates for spin-singlets and spin-triplets. It has been reported that,
for MAPbI3, spin lifetime of photogenerated excitons is on the order of several ps at room
temperature,219 while exciton dissociation completes within 1 ps based on the TA studies in
Section 3.4.4 and other groups.162, 192 The comparable time constants between spin lifetime
and dissociation time provide a necessary condition to explore the spin effects on
photovoltaic actions of MAPbI3 solar cells.
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Figure 5-4 Schematic diagram of the optical transitions and involved spin states in hybrid
perovskites under the optical operation of circularly and linearly polarized lights. (a) Spinpolarized states (߰ୀାଵ ߰՛՝ ) with right-hand (ߪ ା ) polarization. (b) Spin-polarized states
(߰ୀିଵ ߰՛՝ ) with left-hand (ߪ ି ) polarization. (c) Spin states with linear polarization (ߪ  ൌ
ͷͲΨߪ ା +ͷͲΨߪ ି ), equivalent to the combination of the right-hand and the left-hand spinpolarized states. Here, ߰ୀേଵ denotes the orbital wavefunction; ߰՛՝ represents the spin
wavefunction. (d) Spin mixing from spin-singlets to spin-triplets due to SOC; (e) and (f) Spin
mixing under circularly and linearly polarized photoexcitation, respectively.

83

5.4.2 Optically Operative Spin Effects on Photovoltaic Actions
Based on the theoretical analysis, we designed an experiment to explore the spin effects on
photovoltaic actions by monitoring photocurrent under linearly and circularly polarized
photoexcitation (detailed experimental setup is shown in Section 5.3.3).
5.4.2.1 Nanostructured thin film vs. single crystal
These experimental studies were firstly performed on both nanostructured PSCs
(ITO/PEDOT:PSS/MAPbI3(Cl)/PCBM/PEI/Ag)

and

single

crystal

devices

(Au/crystal/C60/BCP/Ag). Figure 5-5a and b present the photocurrent of the nanostructured
thin film device and single crystal device under the alternative photoexcitation of linear light
and circular light from 532 nm CW laser with the identical intensity, respectively. The results
show that optically switching photoexcitation from linear polarization to circular polarization
results in an improvement in photocurrent for both nanostructured thin film device and single
crystal device, leading to the spin-dependent photocurrent. As disused above, the circularly
polarized photoexcitation is expected to generate more spin-triplets than the linearly
polarized photoexcitation. Combining the theoretical analysis and the observed spindependent Jsc, we can conclude that spin-triplets are favorable for photovoltaic actions due
to the forbidden recombination of the spin-triplets with parallel spin configurations according
to Pauli Exclusion Principle.
Meanwhile, comparing Figure 5-5a and b, we can see that the single crystal device

demonstrates larger photocurrent change (οܬ௦
ൌ ͲǤͷ േ ͲǤͲΨ at 200 mW/cm2) when

switching photoexcitation from linear polarization to circular polarization with respect to the

nanostructure thin film solar cell (οܬ௦
ൌ ͲǤͳͶ േ ͲǤͲͳΨ). To have a deeper understanding,

the excitation intensity dependence of photocurrent change was studied for both
nanostructured thin film solar cells and single crystal devices (Figure 5-5c and d). For the
two types of samples, the photocurrent change upon switching photoexcitation polarization
shows a non-monotonic dependence on the excitation intensity. More specifically, as
excitation intensity increases, the photocurrent change tends to first increase and then
decrease or even completely diminished at high excitation intensity. Such non-monotonic
dependence suggests that spin relaxation or spin flipping is influenced by two different
mechanisms dominated in the relative low intensity regime and high intensity regime.
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Figure 5-5 Spin-dependent photocurrent upon optical operation. Photocurrent at short-circuit
condition recorded by alternatively switching photoexcitation (532 nm CW laser, 200
mW/cm2) between linearly polarized light and circularly polarized light for (a)
nanostructured thin film solar cell and (b) single crystal device. Excitation intensity
dependence of photocurrent (PC) change for (c) nanostructured thin film solar cell and (d)
single crystal device. The inset of (c) shows the photography of the nanostructured thin film
with the thickness of 260 nm and AFM topography image showing average grain size about
100 nm. The inset of (d) shows the photography of the typical single crystal for this study.
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At the low-intensity regime, the optoelectronic processes are known to be influenced by
the intrinsic traps or defect states, which can cause the spin relaxation through Elliott-Yafet
Mechanism.35, 137 Essentially, the trap states carry spin, which can interact with the spin of
electron-hole pairs, leading to spin scattering. As increasing excitation intensity, the trap
states can be filled by excess charge carriers, consequently, the influence of trap states
becomes diminished. This might be the reason for the larger photocurrent change in single
crystal device with respect to the nanostructured thin film solar cells at the low-intensity
regime. However, we should point out that nanostructure can enhance SOC due to the local
asymmetry, which could be the major reason for the larger photocurrent change in single

crystal device at the peak intensity (οܬ௦
ൌ ͲǤ േ ͲǤͲ͵Ψ at 83 mW/cm2 in Figure 5-5d)

with respect to that in the nanostructured thin film device (οܬ௦
ൌ ͲǤͳͶ േ ͲǤͲͳΨ at 333

mW/cm2 in Figure 5-5c). The larger kick point of excitation intensity for the thin film device
is likely due to the larger density of trap states as compared to the single crystal counterpart.
Further increasing the excitation intensity above the kick point should be accompanied
with enhanced carrier-carrier scattering due to increased carrier density. Carrier-carrier
scattering can induce spin scattering, consequently decreasing the photocurrent change upon
switching the photoexcitation between linear polarization and circular polarization. For the
single crystal device, the completely disappear of photocurrent change at excitation intensity
above 533 mW/cm2 suggests severe carrier-carrier scattering due to the poor charge
extraction towards electrodes in the lateral single crystal devices.
Clearly, this work reveals that spin-triplets are favorable for generating photovoltaic
actions in PSCs. The strong SOC of lead-based perovskites offers an important mechanism
to generate spin-triplets towards developing high photovoltaic efficiency. Although single
crystals have more promising optoelectronic properties, the nanostructure of the
polycrystalline thin film provides an effective approach to enhance SOC towards generating
more spin-triplets for efficient photovoltaic actions. This understanding may pave the way
for developing high-efficiency PSCs based on perovskite quantum dots.
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5.4.2.2 Nanostructured PSCs: MAPbI3 vs MAPbI3(Cl)
We further compared the spin-dependent photocurrent for nanostructured PSCs made from
MAPbI3 with and without Cl-incorporation. In Chapter 2, we have demonstrated that Clincorporation can reduce the density of charged defects and enhance photoinduced bulk
polarization, leading to the improvement in photovoltaic performance. Here, we compared
these two systems from the perspective of spin. As shown in Figure 5-6, the device without
Cl-incorporation exhibits a relative larger spin-dependent photocurrent (Figure 5-6a) as
compared to that with Cl-incorporation (Figure 5-6b). As discussed above, the presence of
defects would lead to weak spin-dependent photocurrent due to stronger spin relaxation via
defect scattering. As a result, the weaker spin-dependent photocurrent for the device with Clincorporation is not related to the effect of defects. Here, we propose that the device with Clincorporation has stronger SOC due to the stronger photoinduced bulk polarization. The
stronger SOC can induce stronger spin mixing with more spin-triplets for developing
photovoltaic actions. It should be noted that the two nanostructured PSCs present much
smaller spin-dependent photocurrent as compared to the single crystal devices, which is in
good agreement with the previous discussion on the effect of nanostructure on SOC.
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Figure 5-6 Spin-dependent photocurrent upon alternatively switching photoexcitation (532
nm CW laser, 333 mW/cm2) between linearly polarized light and circularly polarized light
for nanostructured PSCs with (a) MAPbI3 and (b) its analogous with Cl-incorporation
MAPbI3(Cl).
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5.4.3 Magneto-Optical Studies on Spin-Orbital Coupling
In Section 5.4.2, we propose that the nanostructure can induce additional SOC. To confirm
this hypothesis, we performed magneto-optical measurements. Theoretically, the line-shape,
particularly the line width (B0) can reflect the strength of internal magnetic field due to either
SOC or HFI. It is known that HFI in hybrid perovskites is much weaker than SOC, therefore
the amplitude of B0 can reflect the strength of SOC.
Figure 5-7a presents the normalized magneto-Jsc for nanostructured PSC and single
crystal device under the photoexcitation of 532 nm CW laser (333 mW/cm2). Based on
Lorentzian fitting, the single crystal device shows a much narrower line-shape (B0 =123 mT)
than the nanostructured PSC (B0=334 mT). The nanostructured PSC studied here is made
from MAPbI3 without Cl-incorporation instead of MAPbI3(Cl). This is because the PSCs
made from MAPbI3(Cl) do not show magneto-photocurrent under short-circuit condition,
which suggests negligible electron-hole pairs. Nevertheless, the broader line-shape of
magneto-Jsc for the nanostructured PSC suggests much stronger SOC as compared to the
single crystal device. This confirms that nanostructure can induce additional SOC probably
due to the local asymmetry at grain boundaries.
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Figure 5-7 (a) Normalized magneto-Jsc for single crystal device and nanostructured thin film
device made from MAPbI3 under the photoexcitation of 532 nm laser (333 mW/cm2); (b)
Normalized magneto-photocurrent measured under a forward bias of 0.6 V for the
nanostructured thin film devices made from MAPbI3 and MAPbI3(Cl) under the
photoexcitation of 532 nm laser (133 mW/cm2).
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In order to evaluate the strength of SOC for the MAPbI3(Cl) devices, we have to apply
a forward bias (0.6 V) to generate a magneto-photocurrent signal. The applied forward bias
essentially decreases the internal built-in field, and thereby increasing the probability to
generate electron-hole pairs. Figure 5-7b presents the normalized magneto-photocurrent
under a forward bias of 0.6 V for nanostructured PSCs made from MAPbI3 and MAPbI3(Cl),
respectively. Based on Lorentzian fitting, the MAPbI3(Cl) device shows a much broader lineshape (B0 =772 mT) than the MAPbI3 device (B0=202 mT), which suggests the Clincorporation can indeed enhance SOC probably due to the larger bulk polarization. This is
consistent with the discussion in Section 5.4.2.2.
5.5 Summary
In this chapter, we explore the spin effects in both nanostructured thin film solar cells and
single crystal devices of MAPbI3 by optical operation of circularly polarized light and
magneto-optical measurements. Optically switching photoexcitation from linear polarization
to circular polarization shows to increase photocurrent. Combining the experimental results
and theoretical analysis, we can conclude that spin-triplets are favorable for photovoltaic
actions due to the forbidden recombination according to Pauli Exclusion Principle.
Meanwhile, the spin-dependent photocurrent upon optically switching photoexcitation
polarization shows a non-monotonic dependence on excitation intensity, which suggests the
presence of two spin scattering mechanisms (defects scattering and carrier-carrier scattering).
The dramatically reduced magnitude in spin-dependent Jsc for nanostructured thin film PSCs
suggest that nanostructure can further enhance SOC due to the local asymmetry as compared
to the single crystal counterpart. In summary, SOC is shown to be an important mechanism
to enhance spin mixing with more spin-triplets for photovoltaic actions. Therefore,
understanding the spin states in hybrid perovskites opens up new opportunities for improving
the photovoltaic actions in PSCs.
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Chapter 6 Spin Lifetime: Long-lived SpinPolarized States in Hybrid Perovskite at Room
Temperature
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6.1 Abstract
Spin lifetime is a critical parameter that determines whether it is to control the key
optoelectronic processes by manipulating spin states. Unlike the extremely short spin lifetime
reported for MAPbI3 (~picoseconds), we report long-lived spin-polarized states with the spin
lifetime up to nanoseconds at room temperature in MAPbBr3 single crystalline microcrystals
by combining time-resolved photoluminescence measurements with circular excitation and
detection. The comparable time constants for spin relaxation and radiative recombination
results in circularly polarized light emission at room temperature. However, the presence of
large density of defects associated with large energy disordering and grain boundaries, is
shown to dramatically shorten spin lifetime (<100 picoseconds) for MAPbBr3 thin films
made from different methods. Grain boundaries can be a major reason for the extremely short
spin lifetime due to the additional spin-orbit coupling term caused by interface asymmetry.
Nevertheless, comparable time constants for spin relaxation and optoelectronic processes are
the prerequisites to control the key optoelectronic processes by operating spin states in hybrid
perovskites.
6.2 Introduction
The theoretical modeling has shown that hybrid perovskites exhibit non-degenerate spin
states for potential applications in spin electronics.35, 154 Particularly, for the organic-lead (Pb)
halide (I or Br) perovskites, the conduction band (CB) mainly stems from the Pb-p orbitals,
while the valence band (VB) is originated from the hybridized anti-bonding state between
Pb-s and halide-p orbitals, which retains the s symmetry.123 With the strong spin-orbit
coupling (SOC) due to the heavy elements, the CB (orbital angular momentum L=1) splits
into upper J=3/2 band and lower J=1/2 band at CB edge (J is total angular momentum); on
the contrary, SOC is ineffective on the VB (L=0), leading to a single S=1/2 band.35, 123, 154, 218
Furthermore, experimental studies based on angle-resolved photoelectron spectroscopy have
demonstrated a giant Rashba splitting of VB maximum (VBM) in MAPbBr3 single crystal,
as well as the circular dichroism, which is also the consequence of SOC.217 Recent studies
have shown three interesting spin effects in steady state: (i) magneto-optical effects,36, 37 (ii)
spin-dependent optical actions,220 and (iii) magneto-dielectric effects215. However, we should
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note that, in order to realize spin effects, the spin states must have a sufficient lifetime during
the development of optoelectronic processes. It should be noted that the time-resolved
Faraday rotation study shows a very short spin lifetime (߬௦ ) of ~7 picoseconds for spinpolarized electrons at 75 K in polycrystalline MAPbI3 thin film under circular optical
pumping.35 On the other hand, a similar study indicates the optical orientation of excitons in
MAPbI3(Cl) thin film with spin lifetimes in nanoseconds at 4 K.219 Therefore, it becomes an
open question on whether spin states can develop a sufficient spin lifetime at room
temperature in organic-inorganic hybrid perovskites. In this Chapter, we expand the spin
lifetime study to MAPbBr3, which demonstrates a circularly polarized emission under
circular excitation at room temperature with long-lived spin-polarized states ( ߬௦ in
nanoseconds) by controlling the crystal quality. The nature of such long-lived spin-polarized
states is also discussed by studying excitation density dependence. The effect of crystal
quality, such as defects, on spin lifetime is discussed at the end.
6.3 Materials and Methods
6.3.1 Materials
Methylammonium bromide (MABr, 99.999%) was purchased from 1-Materials; Lead (II)
bromide (PbBr2, 99.999%, metals basis) was purchased from Alfa Aesar; Lead (II) acetate
trihydrate (PbAc2 ή 3H2O, 99.999%, trace metals basis), N,N-Dimethylformamide (DMF,
anhydrous, 99.8%), DMSO, Toluene, chloroform, and Poly(methyl methacrylate) (PMMA)
were purchased from Sigma Aldrich;
6.3.2 Thin Film Preparation
6.3.2.1 Br-MAPbBr3 thin film preparation
MABr (1.26 M) and PbBr2 (1.2 M) were dissolved in the mixed solvents of DMF and DMSO
(7:3 in V/V). The precursor solution was stirred overnight at room temperature. The BrMAPbBr3 thin films were prepared on the quartz substrates by a two-step spin coating process:
1000 rpm for 10 s and 3000 rpm for 40 s. During the second step, the substrates were
subjected to a fast solvent washing process with toluene (50ɊL) at the 10th second of the
second step and followed by a thermal annealing process at 90 ć for 10 min. Finally, a
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layer of PMMA (20 mg/ml in chloroform) was spin-cast on top of perovskite layer to function
as an optical spacer for measurements.
6.3.2.2 Ac-MAPbBr3 thin film preparation
MABr (3.6 M) and PbAc2ή3H2O (1.2 M) were dissolved in DMF. The precursor solution was
stirred for 1 hr at room temperature. The Ac-MAPbBr3 thin films were prepared on the quartz
substrates by one-step spin coating process at 3000 rpm for 40 s without solvent washing
step. The as-cast thin films were then thermally annealed at 90 ć for 10 min and followed
by coating with a layer of PMMA.
6.3.3 Time-Resolved Photoluminescence with Circular Excitation and Detection
The main experimental technique that we used in this work combines TRPL with
linearly/circularly polarized photoexcitation (time resolution: 0.5% of the selected time
window, 25 ps for 5ns time window, 0.5 ns for 100 ns time window, 1 ns for 200 ns time
window, and 2.5ns for 500ns time window). The samples were excited by a 400 nm pulse
laser from a home-built noncollinear optical parametric amplifier (NOPA),221 seeded by the
second harmonic of a Yb-doped fiber laser (TANGERINE, Amplitude System) with 50 kHz
repetition rate. The experiment setup is schematically shown in Figure 6-1. The pulsed laser
is converted from horizontal linear polarization to circular polarization (e.g. right-hand, ߪ ା )
through a quarter wave plate (Thorlabs, WPQ10M-405, the fast axe is set at 45° compared
with horizontal axe), while the fluorescence was counted by Streak camera (HAMAMATSU
C10627) with a broad-band quarter wave plate (400~700 nm, Thorlabs) in front to control
the right-hand/left-hand (ߪ ା Ȁߪ ି , the fast axe is set at 45°/-45° compared with horizontal axe)
detection. A vertical linear polarizer is placed in front of the spectrometer. All angles were
adjusted by linear polarized pump. To avoid the variation of PL decay dynamics caused by
morphological inhomogeneity of the samples, each set of data was taken from the same
sample spot. Considering the photo-stability of hybrid perovskites, measurements were
performed when the samples were stabilized under measurement conditions; Data taken
within 1 hr were selected for analysis to avoid the stability issue.
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Figure 6-1 Experiment setup of TRPL with linearly/circularly polarized photoexcitation and
right-hand/left-hand detection. MR (mirror), LP (linear polarizer), 1/4 (quarter wave plate).

6.3.4 Methods for Fitting Spin Lifetime and Photoluminescence Lifetime
The time constants of PL decay and spin relaxation can be fitted by the global function that
correlates the exciton population ܲܮሺݐሻ with the circular polarization ߩ ሺݐሻ as shown
below:
௧
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Therefore, the global (i.e. simultaneous) fitting of two PL decay curves under circularly
polarized (ߪ ା ) excitation with right-hand (ߪ ା )/left-hand (ߪ ି ) detection can be performed
according to:
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where ߩ ሺݐሻ can be also described by ߩ ሺݐሻ ൌ ߩ ሺͲሻ ൈ ሺെ ఉ ሻ. The fitting function for
ೕ

ܲܮሺݐሻ consists of bi-exponential function convolved with a Gaussian function as instrument
response function (IRF), while the fitting function for ߩ ሺݐሻ is a mono-exponential function.
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6.3.5 Other Characterizations
The surface morphology of MAPbBr3 films was imaged by scanning electron microscopy
(SEM, ZEISS). Absorption spectra were recorded by the ultraviolet-visible spectrometer
(Lambda 35, from Perkin Elmer). Excitation density dependence of the initial PL intensity
was studied by recording the maximum PL intensity close to time zero in the 5 ns testing
window at different power densities.
6.4 Results and Discussion
6.4.1 Long-Lived Spin-Polarized States and Circularly Polarized Emission
Figure 6-2 presents a schematic diagram of the spin states generated by circular and linear
photoexcitation. The ߪ ା and ߪ ି photoexcitations generate spin polarized states
߰ ୀାଵ ߰՛՝ and ߰ୀିଵ ߰՛՝ , respectively. If the ሺ߬௦ ሻ is comparable to the
PL lifetime ( ߬ ), the spin-polarized states ( ߰ୀାଵ ߰՛ ՝ or ߰ୀିଵ ߰՛՝ ) can emit
circularly polarized light with ߪ ା or ߪ ି polarization, as illustrated in Figure 6-2a and b.

Figure 6-2 Absorption and emission with circular and linear polarizations in hybrid
perovskites. (a) Spin-polarized states (߰ୀାଵ ߰՛՝ ) with right-hand (ߪ ା ) polarization. (b)
Spin-polarized states (߰ୀିଵ ߰՛՝ ) with left-hand (ߪ ି ) polarization. (c) Spin states with
linear polarization (ߪ  ൌ ͷͲΨߪ ା +ͷͲΨߪ ି ), equivalent to the combination of the right-hand
and the left-hand spin-polarized states. Here, ߰ ୀേଵ denotes the orbital wavefunction;
߰՛՝ represents the spin wavefunction.
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However, a linearly polarized excitation, equivalent to the combination of ߪ ା and ߪ ି
excitations, generates equally populated ߰ୀାଵ ߰՛՝ and ߰ ୀିଵ ߰՛՝ states, leading to
non-circularly polarized emission (Figure 6-2c). Clearly, ߬௦ is the key parameter that
determines whether a circularly polarized emission can be generated.
Figure 6-3a presents the TRPL decay traces of Br-MAPbBr3 thin film under
ߪ ା photoexcitation at 400 nm (with 0.85 eV excess energy above the bandgap) while the
detection is switched between ߪ ା and ߪ ି polarizations. The samples were coated with a
PMMA film in nitrogen-filled glovebox to minimize the influence from moisture in the
environment. We can see that the PL intensity is enhanced by 25% at time zero when
switching the detection from ߪ ି to ߪ ା (see inset of Figure 6-3a). This PL intensity
difference between ߪ ା and ߪ ି detections at ߪ ା excitation becomes disappeared at 50 ns
time window. On the contrary, under linearly polarized photoexcitation, the PL intensity does
not show appreciable difference between ߪ ି and ߪ ା detections within the whole time
window (Figure 6-3b). In particular, the global fitting determines the spin lifetime ߬௦ of 16
ns at room temperature (All fitted errors were within 2%). Meanwhile, we can see an
appreciable change between ߪ ି and ߪ ା detection in the time-integrated PL spectra within
500 ns time window under ߪ ା excitation, especially for the relative higher energy emission
regime with respect to the PL peak (Figure 6-3c). Specifically, the ߪ ା excitation can
generate ~20% degree of circular polarization for PL (Figure 6-3c), which is defined:
ߩ ൌ
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where ܲܮሺߪ ା ሻ and ܲܮሺߪ ି ሻ represent the PL intensities at ߪ ା and ߪ ି detections under
ߪ ା excitation, respectively.222, 223 On the contrary, the linear excitation generates a negligible
change in the time-integrated PL spectra between ߪ ି and ߪ ା detection (Figure 6-3d).
Here, the observed changes in both PL decay dynamics and time-integrated PL spectra
between ߪ ି to ߪ ା detections at ߪ ା excitation show that the spin-polarized states
generated by a circularly polarized photoexcitation can indeed generate a circularly-polarized
PL in the Br-MAPbBr3 samples. To our best knowledge, this is the first experimental
demonstration of circular light from hybrid perovskites at room temperature.
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Figure 6-3 Circularly polarized emission from Br-MAPbBr3 thin film and PL decay
dynamics under circularly/linearly polarized photoexcitation. (a) TRPL decay dynamics
under circularly polarized excitation (ߪ ା , 400 nm, excitation density݊ ൎ ͳǤʹͷ ൈ ͳͲଵ଼ cm3

), and ߪ ା /ߪ ି detection; insert shows the room-in within 55 ns time window. (b) TRPL

decay dynamics measured under linearly polarized excitation with ߪ ା /ߪ ି detection; insert
shows the room-in within 55 ns time window. (c) Time-integrated PL spectra (within 500 ns
time window) under ߪ ା excitation and ߪ ା /ߪ ି detection and wavelength dependent degree
of circular polarization for PL (ߩ ሻ. (d) Time-integrated PL spectra under linear excitation
with ߪ ା /ߪ ି detection.
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6.4.2 The Nature of Long-lived Spin-Polarized States
We further studied the nature of the long-lived spin-polarized states by examining the
excitation density dependence of the initial PL intensity (PLinitial), which was taken as the
peak PL intensity close to time zero within 5 ns time window. This can provide more reliable
information of the recombination mechanism at the early time, particularly for the
recombination of long-lived spin-polarized states, by excluding the possible influence from
trap states. Generally, in direct bandgap semiconductors with non-resonant excitation
conditions, the PL intensity is a power-law function of the excitation density, given by PL ~
n k. The PL with k=2 is attributed to non-geminate recombination or bimolecular
recombination of photogenerated free carriers; whereas the PL with 1< k<2 is for the
recombination of excitons.23, 224, 225 Figure 6-4a presents the relationship between PLinitial and
n0 ranged from 3.25ൈ ͳͲଵ cm-3 to 4.00ൈ ͳͲଵ଼ cm-3. We can see that PLinitial increases
quadratically with n0. This quadratic relationship reveals that the PL originates from electronhole pairs through bimolecular recombination of photogenerated free carriers instead of
photogenerated excitons in our MAPbBr3 samples. Therefore, the long-lived spin-polarized
states can be identified as electron-hole pairs with the spin lifetime comparable to the PL
lifetime.
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Figure 6-4 Excitation density dependence of the spin lifetime in Br-MAPbBr3 thin film at
room temperature. (a) Quadratic relationship between the initial PL intensity and ݊
suggests the bimolecular recombination from free charge carriers. (b) Normalized ߩ versus
delay time at different excitation densities (݊ ൎ ͷǤͲͲ ൈ ͳͲଵ and ͳǤʹͷ ൈ ͳͲଵ଼ cm-3).
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We further examined the excitation density dependence of circular photoexcitation on
the PL dynamics to understand the spin lifetime. Table 6-1 shows that when the pumping
density decreases from 25 ߤ Ȁ ଶ to 10 ߤ Ȁ ଶ , corresponding to excitation density (n0)
changing from 1.25ൈ ͳͲଵ଼ cm-3 to 5.00ൈ ͳͲଵ cm-3, the PL decay times are enhanced from
߬ଵ =12 ns, ߬ଶ =65 ns to ߬ଵ =15 ns, ߬ଶ =77 ns, where ߬ଵ and ߬ଶ denote PL lifetime associated
with trap-assisted recombination and free carrier or exciton recombination.18, 43 Figure 6-4b
presents the degree of circular polarization for PL as a function of delay time. It is clear to
see that the excitation density plays an important role in spin relaxation dynamics.
Particularly, ߬௦ is increased from 16 ns to 38 ns when decreasing the excitation density n0
from 1.25ൈ ͳͲଵ଼ cm-3 to 5.00ൈ ͳͲଵ cm-3. This suggests that the spin-polarized states
experience a mutual spin scattering, leading to a decrease on the spin lifetime.

Table 6-1 Time constants of PL decay dynamics and spin relaxation dynamics for BrMAPbB3 thin film with two different excitation density (݊ ). ߬ଵ and ߬ଶ denote carrier
lifetime associated with trap-assisted recombination and free carrier recombination; ߬௦
represents spin lifetime based on the global fitting of PL decay dynamics of ߪ ା /ߪ ା and
ߪ ା /ߪ ି conditions. Error bar for all fitted parameters is within 2%.
݊ (cm-3)

߬ଵ /ns

߬ଶ /ns

߬௦ /ns

ͷǤͲͲ ൈ ͳͲଵ

15േͲǤ͵

77േͳǤͷ

38േͲǤͺ

ͳǤʹͷ ൈ ͳͲଵ଼

12േͲǤʹ

65േͳǤ͵

16േͲǤ͵

6.4.3 Spin Scattering through Defects
Next, we explored how spin lifetime can be influenced in MAPbBr3 if the crystallinity is
changed by using different processing method. Figure 6-5 compares two types of MAPbBr3:
Br-MAPbBr3 (used for pervious discussion) and Ac-MAPbBr3 (preparation methods are
shown in Section 6.3.2). From the SEM images, we can clearly see the cubic-like single
crystalline grains with the size of ~4 Ɋ in Br-MAPbBr3 (Figure 6-5a). On contrast, the
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Ac-MAPbBr3 thin film possesses polycrystalline grains with smaller sizes (sub-Ɋ) and clear
grain boundaries (Figure 6-5b), which are similar to the features of perovskite samples
(MAPbI3 and MAPbI3-xClx) used for spin lifetime study in the published works.35, 219 The BrMAPbBr3 and Ac-MAPbBr3 films exhibit similar PL spectra (Figure 6-5c). However, from
the absorption spectra (Figure 6-5d), we can see that the Br-MAPbBr3 film exhibit similar
absorption feature with its single crystal counterpart, while the Ac-MAPbBr3 film shows a
long Urbach tail close to the absorption onset. Clearly, the Ac-MAPbBr3 film has a much
higher density of impurities/defects than the Br-MAPbBr3 film. This is in good agreement
with the significantly reduced PL lifetime for Ac-MAPbBr3 sample (߬ଵ =6 ns, ߬ଶ =18 ns) with
respect to the PL lifetime for the Br-MAPbBr3 sample (߬ଵ =15 ns, ߬ଶ =77 ns) as shown in
Figure 6-5e. On the other hand, the PLintial from the Ac-MAPbBr3 film increases with n0 by
a power factor of 1.23 (Figure 6-5f). As mentioned above, the PL with 1< k <2 suggests that
the dominated exciton recombination in the Ac-MAPbBr3 sample.
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Figure 6-5 (a, b) SEM images of Br-MAPbBr3 and Ac-MAPbBr3 thin films, respectively. (c)
Normalized PL spectra of Br-MAPbBr3 and Ac-MAPbBr3 thin films. (d) Absorption spectra
of Br-MAPbBr3 and Ac-MAPbBr3 thin films. (e) TRPL decay dynamics of Br-MAPbBr3
(߬ଵ =15 ns, ߬ଶ =77 ns) and Ac-MAPbBr3 (߬ଵ =6 ns, ߬ଶ =18 ns) measured under the same
excitation density (݊ ൎ ͷǤͲͲ ൈ ͳͲଵ cm-3). (f) Normalized initial PL intensity as a function
of ݊ for Ac-MAPbBr3 thin film.
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Most importantly, the polarization dependent TRPL measurement on the Ac-MAPbBr3
sample does not detect circularly polarized emission when switching the detection between
ߪ ି and ߪ ା polarizations under the ߪ ା excitation at room temperature (Figure 6-6a).
Meanwhile, the time-integrated PL spectra do not show any change between ߪ ି and ߪ ା
detection (Figure 6-6b). These results suggest an extremely short spin lifetime (<100 ps)
with respect to its PL lifetime (߬ଵ =6 ns, ߬ଶ =18 ns) in the Ac-MAPbBr3 sample. These studies
reveal that the impurities/defects at grain boundaries carry spin and consequently cause spin
scattering, and largely decreasing the spin lifetime in electron-hole pairs in hybrid perovskites.
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Figure 6-6 Non-circularly polarized emission of Ac-MAPbBr3 sample and PL decay
dynamics under circularly polarized excitation. (a) TRPL decay dynamics under ߪ ା
excitation (400 nm, ݊ ൎ ͷǤͲͲ ൈ ͳͲଵ cm-3) and ߪ ା /ߪ ି detection; where the inset shows
the TRPL traces room-in within 55 ns time window. (b) Corresponding time-integrated PL
spectra under ߪ ା excitation with ߪ ା /ߪ ି detection.

To compare our observations with the published works,35, 219 we further discussed SOC
and space inversion symmetry. At room temperature, MAPbBr3 is known to be in cubic phase,
which lacks of breaking inversion symmetry. A recent study reported giant Rashba splitting
from MAPbBr3 due to the surface associated inversion symmetry breaking fields, which are
not expected in the bulk of crystal.217 It should be noted that space inversion symmetry is a
prerequisite for the appearance of SOC term in semiconductors.135 Generally, there are three
mechanisms for breaking inversion symmetry: (i) the bulk inversion asymmetry due to the
lack of an inversion center in the structure; (ii) the structure inversion asymmetry resulting
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from the potentials in nanostructures, including external gate-voltage or built-in electric field;
and (iii) interface inversion asymmetry due to the chemical bonding within the interfaces.226228

As a result, we can expect grain boundaries no matter in MAPbI3 or MAPbBr3 can induce

an additional SOC term that dramatically accelerates spin relaxation with extremely short
spin lifetime.
6.5 Summary
In this chapter, we explore the dynamics of spin-polarized states in MAPbBr3 thin films by
combining TRPL technique with circularly polarized excitation and detection. For the
MAPbBr3 films with single crystalline grains, we observed long-lived spin-polarized states
with ߬௦ in the order of ~ ns, which is comparable to the PL lifetime, leading to a circularly
polarized PL at room temperature. The quadratic dependence of excitation density on the
initial PL intensity suggests that these long-lived spin-polarized states result from electronhole pairs formed through bimolecular recombination from photogenerated free carriers.
Furthermore, the spin-polarized states become non-detectable in MAPbBr3 thin film with a
large density of impurities/defects, which suggests spin relaxation mechanism through spin
scattering in hybrid perovskites. Clearly, the long spin lifetime provides the new opportunities
to control the optoelectronic processes by using spin-polarized states in the organic-inorganic
hybrid perovskites.
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Chapter 7 Conclusion & Outlook
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The research conducted in this dissertation was focused on the experimental study of
polarization and spin in organic-inorganic hybrid perovskites, and the effects of polarization
and spin on the key optoelectronic processes in perovskite devices. Addressing these issues
is important for gaining an in-depth understanding of the efficient optoelectronic processes
and further advancing the performance of perovskite optoelectronics. The overall conclusions
can be divided into two parts.
I. Polarization and its effects in hybrid perovskites
The investigation of polarization properties in hybrid perovskites is remaining as a
challenging issue due to their intrinsic ionic conduction property. To overcome this problem,
we demonstrate an approach to explore bulk polarization of hybrid perovskite by using a
well-known method, Capacitance-Voltage (CV) measurement, where a sweeping DC bias is
used to drift ions or ionic defects and simultaneously a low AC bias is used to detect the
capacitance signal from local polarization. Based on this technique, we demonstrate an
interesting phenomenon, namely photoinduced bulk polarization in MAPbI3 solar cells,
which is essentially due to the reduction of the rotational barrier for dipolar organic cations
(MA+) under photoillumination. Such photoinduced bulk polarization can be enhanced
through chlorine-incorporation due to suppressed Screening effects from charged defects,
and can be also weakened by replacing MA+ with FA+ due to the much larger rotational
barrier for FA+. Most importantly, by designing a bias-dependent photoluminescence
measurement from the devices under operation condition, we demonstrate that charge
recombination can be effectively suppressed by reducing capture radius by increasing bulk
polarization or dielectric properties.
Inspired by the above work, we intentionally doped perovskites with highly polar organic
molecules, DCM, which are shown to suppress charge recombination and localization of
electron-hole pairs due to local dipole field, leading to the improvement in photovoltaic
efficiency. This Chapter claims that the localization of electron-hole pairs could be an energy
loss channel in perovskite solar cells in addition to non-radiative recombination and multiphonon processes.
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In addition to bulk polarization effects, an interesting interfacial ionic polarization effect
has been demonstrated for MAPbI3 single crystal in a device geometry of Au/crystal/Ag
based on interface dependent Seebeck effect study and time-of-flight secondary ion mass
spectrometry. Metal/ion interaction, particularly the interaction between Au and organic
cations MA+ from MAPbI3 single crystal has been demonstrated for the first time. Most
importantly, metal/ion interaction is shown to form a robust method to modify the surface
electronic structure of MAPbI3 single crystal with the formation of the p-i-n junction, which
forms a new direction for the future design of optoelectronic devices based on perovskite
single crystals for the applications in photodetection and radiation detection, etc.
II. Spin states and Spin effects in hybrid perovskites
Spin states and spin effect on optoelectronic processes are another challenging issue and have
been rarely studied in hybrid perovskites. Research in this part focused on two directions: (i)
steady-state regime and (ii) dynamic regime. In steady state regime, spin effects on
photovoltaic actions in perovskite solar cells have been explored by optical operation of
circular light and magneto-optical measurements. The observed spin-dependent photocurrent
upon switching photoexcitation between linear light and circular light suggests that (i) spintriplets are favorable for generation photovoltaic actions due to the forbidden recombination;
(ii) spin lifetime for photogenerated electron-hole pairs is comparable to exciton dissociation
time in the order of ps for MAPbI3. The comparison study between nanostructured thin film
devices and single crystal devices suggests that nanostructure can provide an additional SOC
mechanism due to local asymmetry at grain boundaries to enhance spin mixing for generating
more spin-triplets.
In dynamic regime, spin lifetime was investigated by time-resolved photoluminescence
technique with circular excitation and detection. Long-lived spin-polarized states with ns spin
lifetime at room temperature were demonstrated for MAPbBr3 with single crystalline
microcrystals, which allows the detection of circularly polarized emission at room
temperature due to comparable time constants for spin relaxation and radiative recombination.
However, defects, particularly at grain boundaries, are shown to largely shorten spin lifetime.
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In summary, the unique polarization and spin effects in hybrid perovskites open up new
opportunities for controlling the key processes in the optoelectronic devices based on
organic-inorganic hybrid perovskites. Recently, lead (Pb)-free perovskite solar cells have
attracted more and more attention due to the concern on the toxic Pb component to the
environment. Tin (Sn) has been demonstrated as the most practical substitute to replace Pb,
however, the photovoltaic performance is dramatically reduced. The research achievements
in this dissertation are expected to provide important guidance for the future design of leadfree perovskite solar cells by manipulating both polarization and spin parameters.
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